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ABSTRACT

Episodes o f pulmonary hypertension are characterised by rapid increases in pulmonary 

arterial pressure and a clinical impression o f stiff lungs. The aim of this study was to 

examine normal development and the effect o f pulmonary hypertension on the airways, 

pulmonary arteries and veins to test the hypothesis that there are related changes in 

bronchial and pulmonary arterial smooth muscle.

Method: Pulmonary mechanics were measured in ventilated infants with pulmonary 

hypertension and findings compared to those in non-hypertensive infants. Using porcine 

and human post mortem material, morphometry o f bronchial and pulmonary arterial 

smooth muscle was performed on normal and pulmonary hypertensive tissue. Isolated 

pulmonary arteries, veins and bronchi were studied using organ bath pharmacology. The 

effects o f Endothelin-1, noradrenaline and Electrical Field Stimulation (EPS) on the 

normal neonatal and pulmonary hypertensive lung, during hypertension and after 

recovery, were examined.

Results: In pulmonary hypertensive infants, airway resistance was increased during 

episodes o f pulmonary hypertension, and bronchial and vascular smooth muscle was 

increased two fold. Using the porcine developmental and hypoxic pulmonary 

hypertension model, the Endothelin-1 and EPS contractile effect was greater in the 

pulmonary arteries and bronchi during fetal life and in the presence o f pulmonary 

hypertension. Evidence for parallel impairment o f pulmonary arterial and bronchial 

adrenoceptor and EPS mediated vaso and broncho-relaxation was found in early 

development and during pulmonary hypertension, but the veins were largely unaffected. 

There was evidence o f pulmonary arterial endothelial and bronchial epithelial impairment 

in fetal life and during pulmonary hypertension. Endothelium dependent relaxation was 

also impaired in the pulmonary hypertensive human infants. Normoxic recovery occurred 

more rapid in pulmonary arteries than bronchi.

Conclusion: The findings support the concept of parallel responses in bronchi and 

pulmonary arteries in development and during pulmonary hypertension and suggests a role 

for treatments which benefit both structures.
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GENERAL INTRODUCTION

Pulmonary hypertension, such as that seen postoperatively following surgery for 

congenital heart disease, is often associated with an increased reactivity o f the pulmonary 

vasculature to stimuli. This results in sudden increases in pulmonary vascular resistance 

and may lead to acute right heart failure. These episodes are characterised by rapid 

increases in pulmonary arterial pressure and a clinical impression of stiff lungs. These 

changes may be so severe and rapid as to mimic a blocked endotracheal tube.

The aim of this study is to examine the effect o f normal development and pulmonary 

hypertension on the airways and pulmonary arteries, to test the hypothesis that in 

development and during pulmonary hypertension there are similar changes in bronchial 

smooth muscle as in pulmonary arterial smooth muscle.

BACKGROUND LITERATURE REVIEW AND RATIONALE FOR THE STUDY

The Effect of Normal Post-natal Development on Pulmonary Vasculature Lung 

Mechanics and Lung Morphometry.

In order to study the effect o f pulmonary hypertension on bronchial and pulmonary 

vasculature, it is important to first examine the effects of normal development on these 

structures as both are undergoing extensive change during adaptation to extra-uterine life.

Pulmonary arteries:

After birth, pulmonary arterial muscularity decreases, at first rapidly and then more 

slowly. Muscularity is high in human infants in the first 24 hours, decreased significantly 

by 10 days o f age and reaches a low mature level by 3 months (Haworth, 1983). 

Pulmonary vascular resistance also falls rapidly after birth.

In a porcine model, which closely resembles human development (Haworth, 1981), 

dilation and recruitment of small arteries in the acinar region began with the onset o f air 

breathing and inflation o f the lungs during the first 5 minutes after birth. This was 

associated with a rapid reduction in pulmonary arterial pressure. The thick overlapping
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immature smooth muscle cells become thinner and there is a reduction in overlap 

between adjacent cells. Between 24 hours and 2 weeks, a significant reduction in the 

amount o f arterial smooth muscle was associated with a reduction in the pulmonary to 

systemic vascular resistance ratio from 0.58 to 0.18. Functionally, the pulmonary 

circulation appeared mature at rest by 2 weeks, but growth and remodelling o f the 

pulmonary arteries continued until an adult pattern was reached by 6 months o f age. The 

porcine model appeared to be a satisfactory model for studying adaptation (Haworth/ 

Hislop, 1981)

Airways:

Before birth, terminal airways from embryonic lung exhibit rhythmic spontaneous 

contractions (Sparrow, 1994). In the late-gestation fetal pigs, strong bronchoconstrictor 

responses to acetylcholine, and inhibition o f narrowing with /3-adrenoceptor agonists was 

evident, and functional cholinergic nerves were present. The spontaneous bronchomotor 

activity moved fluid along the airways, and served to maintain an even positive pressure 

in localised areas o f the bronchial tree which is essential to provide the stimulus for 

continuing lung growth (Sparrow, 1994). A fterbirth Hislop (1989) found that airway 

diameter increased and airway smooth muscle (area per millimetre airway perimeter) 

increased with increasing post conceptual age in human post-mortem lung samples. 

Between 8 months post-natal age and adult life, the amount of muscle in the proximal 

airways increased more slowly. Alveolar size and number increased rapidly after birth, 

and continued to increase until at least 24 months postnatally (Kotecha, 2000).

Lung Mechanics

In normal children aged 3 weeks to 15 years, who were intubated paralysed and 

mechanically ventilated for urological surgery, respiratory system resistance and airway 

resistance decreased as height increased. There was a progressive increase in respiratory 

system compliance with height (Lanteri, 1993). Stocks (1978) studied normal newborn 

infants soon after birth and again when they were 4-9 weeks o f age, as control patients for 

a study examining the effect of intermittent positive pressure ventilation on lung function
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tests in infants with hyaline membrane disease. Airways resistance was high in the normal 

2 kg newborn infants, being 0.036 + 0.008 and decreased by 53% to 0.017 + 0.013 by 9 

weeks o f age. Airway conductance also decreased with increasing age. Dynamic lung 

compliance, however increased with increasing age. Gerhardt (1987) studied 40 normal 

infants and children from the newborn period to 5 years and found that specific 

conductance was high in preterm infants, decreasing rapidly with initial growth but 

minimally beyond 10kg o f body weight and stabilized at 0.1 L/s/cm H20/L-FRC. 

Compliance increased approximately 25 times whereas conductance only rose five-fold. 

These findings suggest that in the last trimester o f pregnancy the airways are already well 

developed and post natal lung growth occurs mainly by formation o f new alveoli leading 

to a proportional increase in functional residual capacity and lung compliance.

Morphologic and Functional changes of the Pulmonary Vasculature during 

Pulmonary Hypertension.

Normal pulmonary artery pressure in children is less than 20 mmHg and pulmonary 

vascular resistance less than 2 wood units (mmHg/min/L'' M^) [Garson et al 1998]. 

Pulmonary hypertension is defined as an increase in pulmonary arterial pressure and 

increased pulmonary vascular resistance. Pulmonary vascular resistance greater than 10 

wood units, a ratio o f pulmonary vascular resistance to systemic vascular resistance of 

greater than 0.7:1 or a reduction in pulmonary vascular resistance less than 3 wood units 

during hyperoxia predicts increased operative mortality and identifies patients at risk of 

progressive pulmonary vascular disease following surgical correction (Garson, 1998). 

Clinically a ratio o f mean pulmonary arterial pressure to systemic arterial pressure is 

frequently used, with significant pulmonary hypertension being defined as pulmonary 

arterial pressure greater than 50% of systemic arterial pressure (Schindler, 1995). 

Pulmonary hypertension is a group o f diseases with multiple causes and multiple 

classification systems. Pulmonary hypertension may be classified according to cause such



as primary (idiopathic) or secondary to other conditions such as congenital heart disease, 

parenchymal lung disease, vascular or thromboembolic disease and hypoxia (Garson,

1998). The World Health Organisation added that primary pulmonary hypertension is a 

diagnosis o f exclusion once all other secondary causes o f pulmonary hypertension have 

been ruled out (Fauzi, 2000).

Pulmonary hypertension may be classified according to histopathological findings, such 

as proposed by Heath and Edwards (1958) or Rabinovitch (1984). Grade A pulmonary 

hypertension has extension of the smooth muscle into peripheral arteries normally non- 

muscular. Grade B has extension as in grade A but also has medial hypertrophy o f the 

smooth muscle which is greater than 1.5 times normal; and Grade C has features o f B 

with a decreased number o f peripheral arteries relative to the alveoli, and this grade is less 

likely to be reversible (Rabinovitch, 1984).

More recent classifications have also included functional assessment o f the patient at the 

time o f diagnosis, in addition to known associations such as high altitude disease, 

interstitial lung disease, kyphoscoliosis, obstructive sleep apnoea, chronic lung disease 

and congenital heart disease (Voelkel, 1999). Genetic causes o f primary pulmonary 

hypertension have also been identified with many families having mutations in the 

BMPR2 gene and chromosome 2q31, suggesting that pulmonary hypertension may be a 

genetically heterogeneous disorder with at least two and possibly more causative genes 

(Rindermann, 2003). Hypoxia susceptibility genes have also been identified (Voelkel,

1999).

This thesis will focus mainly on paediatric and neonatal pulmonary hypertension.

In children with pulmonary hypertension, pulmonary arterial muscularity increases by 

hyperplasia and hypertrophy and the luminal diameter is reduced. Muscle extends into 

more peripheral arteries than normal (Haworth, 1988; Haworth, Chest 1988). Within each 

smooth muscle cell during pulmonary hypertension, the formation o f contractile 

myofilaments is accelerated during the first six months o f life with respect to cell volume, 

potentially increasing the capacity to vasoconstrict (Haworth, 1988). In addition, 

immunostaining for alpha actin and vimentin was increased and the normal postnatal 

reduction in the amount of vimentin was halted (Allen, 1989). Also, the media showed
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regional differences in immunostaining which preceded the migration o f these smooth 

muscle cells into the intima to form intimai proliferation. All the smooth muscle cells are 

prematurely surrounded by an abnormal amount of “fixed” connective tissue in both the 

media and adventitia. Vein wall thickness also increases and small veins come to 

resemble small arteries. Possible functional implications o f these structural changes 

include an increased propensity to vasoconstrict and a pharmacological 

hyperresponsiveness. In a hypoxia-induced pulmonary hypertension model in rats, 

Griffith (1994) found evidence that, in addition to the morphological changes, changes in 

pulmonary artery smooth muscle contractility also appear to play a role in the 

development and maintenance of hypoxia-induced pulmonary hypertension. 

Morphologically, a doubling of the vessel wall thickness occurred. Functionally, the 

hypertensive vessels shortened to a greater extent at their respective optimal resting 

tension compared with the control arteries, suggesting that hypertensive pulmonary artery 

smooth muscle exhibits an increased ability to shorten. Thus the narrower lumen depends 

on both vessel structure (increased wall-to-lumen ratio) and increased active shortening 

ability o f the hypertensive muscle.

Similar changes in bronchial morphometry and function could be occurring during 

pulmonary hypertension.

Role of Nitric Oxide and the Endothelium in Pulmonary Hypertension.

Endothelial release o f nitric oxide is responsible for the regulation of basal vascular tone 

in humans (Cremona, 1991) and 50% of the decrease in pulmonary vascular resistance at 

birth in lambs is due to nitric oxide (Abman, 1990). There is reduced expression o f nitric 

oxide synthase in the lungs o f adult humans with primary or secondary pulmonary 

hypertension (Giaid, 1995). In a study o f five patients with primary pulmonary 

hypertension with a reversible component to their pulmonary hypertension as 

demonstrated by a response to nicardipine, pulmonary vascular resistance did not 

decrease in response to three infused endothelium-dependent vasodilator agents 

(acetylcholine, calcitonin gene-related peptide and substance P), indicating that 

endothelium dependent vasodilatation was impaired in these patients (Uren, 1992).
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Similarly, in a hypoxic-hypobaric neonatal porcine model, pulmonary hypertension 

impaired pulmonary arterial endothelium dependent and independent relaxation, by 

impairing signal transduction mechanisms involved in the release o f nitric oxide (Tulloh,

1997). Nitric oxide has anti-mitogenic and vasodilator activity, and its absence may 

contribute to the vasoconstriction and smooth muscle hypertrophy seen in pulmonary 

hypertension (Strudel, 1998). Nitric oxide produces its effect by increasing cGMP 

concentrations (Steinhom, 1995). Fetal sheep with pulmonary hypertension due to 

ligation o f the ductus arteriosus had disruption of cGMP production in isolated 

pulmonary arteries resulting in a decreased effectiveness o f nitric oxide (Steinhom, 

1995). Cyclic GMP is hydrolysed by phosphodiesterases (PDE), particularly PDE type 5 

(Sebkhi, 2003). PDE 5 has been found to be increased during pulmonary hypertension in 

rats (Murray, 2002) and lambs (Black, 2001). This increased PDE 5 may also explain the 

upregulation of pulmonary arterial endothelial nitric oxide synthase seen in some rat 

models o f pulmonary hypertension (Resta, 1999). This increased PDE 5 may limit the 

vasodilator and antiproliferative effects o f cGMP-mediated vasoactive factors, such as 

nitric oxide and the natriuretic peptides on the pulmonary vasculature (Sebkhi, 2003). 

Sebkhi (2003) also showed that PDE5 inhibition attenuates the rise in pulmonary artery 

pressure and vascular remodelling when given before chronic exposure to hypoxia and 

when administered as a treatment during on-going hypoxia induced pulmonary 

hypertension in rats.

Although the causal mechanisms o f persistent pulmonary hypertension of the newborn 

are poorly understood , we speculate that decreased levels of endogenous nitric oxide, 

possibly due to hypoxia, contributes to the failure o f post-natal pulmonary vascular 

adaptation. Arginine (a precurser o f nitric oxide) deficiency has been detected in infants 

with persistent pulmonary hypertension o f the newborn (Vosatka, 1994). Villanueva 

(1998) noted decreased gene expression of endothelial nitric oxide synthase in newborn 

human infants with persistent pulmonary hypertension.
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The Effect of Pulmonary Hypertension on Lung Mechanics and Lung 

Morphometry.

The association between pulmonary hypertension and altered pulmonary function tests 

suggestive of peripheral airways obstruction has been previously reported in patients with 

chronic pulmonary hypertension. Adults with primary pulmonary hypertension were 

found to have decreased lung compliance and increased airway resistance suggestive of 

an obstructive process primarily affecting the peripheral airways (Femandez-Bonetti, 

1983; Burke, 1997). Bancalari (1977) studied 25 infants with congenital heart disease 

scheduled for cardiac catheterisation and found decreased specific and dynamic 

compliance and increased pulmonary resistance in patients with pulmonary hypertension 

associated with increased pulmonary blood flow. There was a significant correlation 

between specific compliance and mean pulmonary artery pressure (PAP). Decreased 

pulmonary blood flow or increased pulmonary blood flow with normal PAP did not alter 

the mechanical properties o f the lung. Similarly Howlett (1972) found a reduction in lung 

compliance in infants who had both pulmonary hypertension and increased pulmonary 

blood flow, but not with increased pulmonary blood flow alone.

There are very few studies involving pulmonary mechanics measurements on patients 

with acute pulmonary hypertension.

Bronchial constriction and pulmonary vasoconstriction are known to be temporally 

associated and possibly caused by the same mediators in patients with pulmonary 

thromboembolism (Malik, 1983). Brady (1966) found decreased dynamic compliance 

during acute hypoxia in two anaesthetised healthy infants. Five babies with persistent 

pulmonary hypertension o f the new-born and normal lung appearance on chest x-ray were 

found to have lower dynamic compliance, normal functional residual capacity and 

increased airways resistance, however the changes in airways resistance did not reach 

statistical significance (Yeh, 1981).

Patients with bronchial asthma and increased airways resistance may occasionally have 

pulmonary hypertension not associated with hypoventilation (Rosival, 1990; Rothman, 

1989). Two o f these children also had congenital heart disease (Rothman, 1989). 

However, many patients with bronchial asthma have significant bronchial smooth muscle
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hypertrophy but do not have significant pulmonary hypertension or pulmonary arterial 

smooth muscle hypertrophy (Barnes, 1998). Thus while the pattern o f increased airway 

resistance and bronchial smooth muscle hypertrophy associated with pulmonary 

hypertension o f various causes is strong, the evidence does not appear to be as consistent 

if  the airway is the primary source of the stimulus such as in bronchial asthma. It is 

possible also that the mechanism may be developmentally regulated and is less apparent 

in older subjects.

However, the pattern o f decreased lung compliance and increased airways resistance 

associated with pulmonary hypertension appears to be consistent irrespective of the cause 

o f the pulmonary hypertension. Several possible mechanisms have been postulated to 

explain these findings. These include: pulmonary oedema; stiffening o f the vasculature 

which may render the air vessel space less distensable; mechanical compression o f small 

airways; or bronchoconstriction.

A reduction in the calibre o f the small airways could explain both the observed increase 

in airways resistance and decreased compliance. Alveolar duct muscle contraction 

decreased lung compliance in cats (Colebatch, 1971). Colebatch (1971) postulated that 

alveolar duct muscle could act in series with the pulmonary fibre network; its contraction 

shortens the length o f the system thus increasing the tension (pressure) o f the system at 

given lengths (volumes). Thus constriction of the smooth muscle in the alveolar ducts can 

decrease the compliance of the whole lung.

To further investigate the link between pulmonary hypertension and pulmonary mechanic 

changes, we studied 30 patients mean age 6.7 months who were ventilated following 

surgery for congenital heart disease and who had pulmonary artery catheters in situ 

(Schindler, 1995). Respiratory system resistance and compliance were measured using a 

passive expiratory flow / volume technique (LeSouef, 1984). Fifteen o f the patients 

developed acute pulmonary hypertension. Respiratory system resistance increased 43 % 

and static respiratory system compliance decreased 11%  during acute episodes of 

pulmonary hypertension. The lung compliance and airways resistance returned to normal 

when the pulmonary artery pressure (PAP) returned to baseline (PAP less than 50% of 

systemic arterial pressure). The changes in lung mechanics occurred within minutes and
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mirrored the changes in PAP, This suggests that the changes in airway resistance and 

compliance occur very rapidly and are also rapidly reversible. The measured increase in 

respiratory system resistance represents a major rise as a substantial proportion o f the 

measured resistance is within the endotracheal tube (LeSouef, 1984). Acute 

bronchoconstriction associated with the acute pulmonary hypertension could explain 

these results. On examination o f lung biopsy specimens in these children, there was 

evidence of increased smooth muscle in the small airways compared to normal lungs. 

This suggests a co-constriction and co-hypertrophy o f bronchial and vascular smooth 

muscle during pulmonary hypertension. Anatomically the pulmonary vasculature and the 

bronchi lie in close proximity to each other. Thus it is conceivable that a mediator or 

neurotransmitter released locally may act on both vascular and bronchial smooth muscle 

to produce co-constriction and co-hypertrophy o f the bronchial and vascular smooth 

muscle. In this study we also found a two fold increase in the bombesin immunoreactive 

pulmonary neuroendocrine cells compared to the age matched controls. Lung 

neuroendocrine cells contain a variety o f amine and peptide products including serotonin, 

bombesin, endothelin-I and calcitonin (Cutz, 1982; Giaid, 1993). Bombesin is known to 

be a vasoconstrictor (Gillespie, 1984), bronchoconstrictor (Belvisi, 1991) and has growth 

factor-like properties in the lung (Willey, 1984). Similarly, endothelin-1 is a 

vasoconstrictor (Raffestin, 1991), bronchoconstrictor (White, 1991) and has mitogenic 

activity on vascular smooth muscle cells (Bobik, 1990). Therefore local release o f these 

mediators singularly or in concert could be responsible for co-constriction and co

hypertrophy o f bronchial and vascular smooth muscle in pulmonary hypertension and 

thus may account for the findings of this study. At this stage however, the exact cause is 

speculative and is subject to further investigation.

Motoyama (1986) examined lung biopsies o f six children with pulmonary hypertension 

associated with congenital heart disease and also found bronchial smooth muscle 

hypertrophy and narrowing of the lumen in alveolar ducts and respiratory bronchioles. 

They also concluded that the lower airway obstruction was primarily due to 

morphological and functional changes in peripheral airways rather than due to pulmonary 

venous congestion or interstitial pulmonary oedema.
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Morphologic and Functional Alterations to Bronchi in Disease.

Human bronchi and bronchioli are surrounded by considerable amounts o f mature 

bronchial smooth muscle at birth (Hislop, 1989). The bronchial muscle is innervated by 

neuropeptide-containing nerves at birth, and the airways are reactive in young children 

(Hislop, 1990). Functional beta-adrenergic receptors have been demonstrated in infants 

aged 3-12 months (Prendiville, 1987). In the lung morphometry studies in children with 

pulmonary hypertension due to congenital heart disease (Schindler, 1995) bronchial 

smooth muscle was increased in the pulmonary hypertension patients compared to the 

controls. The increase in bronchial smooth muscle paralleled the increase in pulmonary 

vascular smooth muscle (Schindler, 1995). Motoyama (1986) examined lung biopsies of 

six children with pulmonary hypertension associated with congenital heart disease and 

also found bronchial smooth muscle hypertrophy and narrowing o f the lumen in alveolar 

ducts and respiratory bronchioles. In a study by Hislop (1989) on premature infants who 

require artificial ventilation for respiratory distress syndrome, often associated with acute 

pulmonary hypertension, excessive amounts o f bronchial smooth muscle was noted. 

Stocks (1978) also noted increased airways resistance in these patients. Clinically these 

patients also exhibit marked airway hyperresponsiveness.

The causes o f the airway hyperresponsiveness are complex and multi-factorial (Barnes,

1998). The increased airway smooth muscle mass, receptor alterations and inflammatory 

mediators are all likely to be involved. The epithelium also releases factors which diffuse 

towards the smooth muscle and alter its response to pharmacological agents (Flavahan, 

1985; Stuart-Smith, 1987).

The pharmacologic response o f bronchi during pulmonary hypertension has not been 

investigated and would be o f great interest.

Interdependence of Pulmonary Arterial and Airway Pharmacology.

The pulmonary arteries and bronchi lie in close proximity to each other. Thus it is 

conceivable that a mediator or neurotransmitter released locally may act on both vascular 

and bronchial smooth muscle. In humans, exercise on a stationary bicycle produced rapid
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and reversible increases in the endogenous pulmonary nitric oxide excretion rate in the 

exhaled breath, and the changes correlated well with observed changes in heart rate. This 

suggests that expired nitric oxide changes during exercise are related to corresponding 

cardiovascular responses (Bauer, 1994). Also, expired nitric oxide production in patients 

with primary pulmonary hypertension was reduced and correlated well with the diffusion 

capacity o f the lung, which was also reduced (Cremona, 1994). Using a ‘coaxial bioassay 

system’ involving a strip of guinea-pig aortic smooth muscle placed inside guinea-pig 

trachea with an intact epithelium, Ilhan (1986) found that acetylcholine releases a 

vascular smooth muscle relaxant factor from tracheal epithelium. Similarly McLarty 

(1993), also using a ‘coaxial bioassay system’ o f everted dog pulmonary artery with intact 

endothelium inside denuded dog bronchial smooth muscle, found that factors released 

from vascular endothelium can influence bronchial smooth muscle reactivity. Thus some 

mediators released from bronchi can act on vascular smooth muscle and mediators from 

pulmonary arteries can act on bronchi. During pulmonary hypertension, this 

interdependence o f the bronchi and pulmonary arteries may be altered resulting in 

bronchial and vascular hyperreactivity and bronchial and vascular smooth muscle 

hypertrophy.

Ëndothelin-1 in the Normal Lung and During Pulmonary Hypertension.

Endothelin-1 (ET-1) is a vasopeptide produced by the vascular endothelium that causes 

potent and sustained pulmonary vasoconstriction (Raffestin, 1991), bronchoconstrictor 

(White, 1991) and has mitogenic activity on vascular smooth muscle cells (Bobik, 1990). 

The effects o f endothelin on pulmonary vascular resistance are mediated through distinct 

receptor subtypes, two o f which have been identified. The Endothelin-A receptor has 

been localised to the vascular smooth muscle cell, and the Endothelin-B receptor is 

present on the vascular endothelial cell (Ivy, 1994).

The Endothelin-A receptor is involved in vasoconstriction and mitogenic effects on the 

smooth muscle (Rubin, 2002). The Endothelin-B receptor subtype is expressed on vascular 

endothelial and smooth muscle cells and participates in vasodilatation by the release of
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nitric oxide from the endothelium (Rasmussen, 1991) in addition vasoconstriction and 

clearance o f Endothelin from the circulation (Fukuroda, 1994).

In the late-gestation ovine foetus, intrapulmonary infusions o f BQ 123 (a selective 

Endothelin-A receptor antagonist) caused sustained reductions in pulmonary vascular 

resistance, which suggests that endogenous Endothelin formation contributes to the 

elevated basal pulmonary vascular tone in the foetus. Blood Endothelin-1 concentration 

was higher at birth than at 3 days o f age or later in piglets (Levy, 1995). In contrast, 

selective Endothelin-g receptor stimulation (with sarafotoxin S6c) causes initial 

pulmonary vasodilatation through endothelial cell nitric oxide release (Ivy, 1994).

Severe hypoxia stimulates Endothelin secretion and gene expression in vitro 

(Kourembanas, 1991). Hypoxia induced neonatal porcine pulmonary hypertension 

prevented the normal post natal increase in pulmonary arterial Endothelin-B binding sites 

(Noguchi, 1997), and this might impair vasodilatation and reducing the clearance of 

Endothelin from the circulation. There was also increased Endothelin-A receptor binding in 

this porcine pulmonary hypertension model, which might increase vasoconstriction and 

smooth muscle hypertrophy (Noguchi, 1997). The Endothelin-A receptor antagonist (BQ- 

123) prevented acute hypoxia-induced pulmonary hypertension in the rat (Oparil, 1995). 

In rats exposed to hypoxia for 15 days and simultaneously treated with bosentan (a mixed 

antagonist o f Endothelin-A and Endothelin-s receptors), pulmonary artery pressure was 

lower and right ventricular hypertrophy was less than in the control hypoxic rats. The 

degree o f muscularization o f pulmonary vessels was also lower in the bosentan treated 

rats, suggesting that endogenous Endothelin contributes to the development o f pulmonary 

hypertension in animals (Eddahibi, 1995).

In humans, circulating Endothelin-1 levels are markedly elevated in neonates with 

persistent pulmonary hypertension of the newborn. The degree o f elevation correlates 

with disease severity, and declines with resolution o f the pulmonary hypertension 

(Rosenberg, 1993). Primary pulmonary hypertension is associated with an increased 

expression o f Endothelin-1 in vascular endothelial cells (Giaid, 1993). In patients with 

septic shock (which is often associated with acute pulmonary hypertension), Endothelin-1 

is also elevated in parallel with indicators of illness severity (Pittet, 1991). Similarly,
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Endothelin-1 is elevated in patients with acute respiratory distress syndrome [ARDS] 

(Langleben, 1993).

In a randomized trial o f 213 adults with primary pulmonary hypertension, Bosentan (a 

dual receptor antagonist of ET-A and ET-B) significantly improved six-minute walking 

distance and the dyspnoea index after 16 weeks o f treatment (Rubin, 2002). In contrast, in 

human infants with post-operative pulmonary hypertension due to congenital heart 

disease, acute administration o f the Endothelin-A receptor antagonist BQ123 

intravenously in the cardiac catheter laboratory only resulted in a temporary reduction in 

pulmonary arterial to systemic arterial pressures from 62% to 52% (Prendergast, 1999). 

This suggests that the Endothelin-1 receptor antagonists appears to be mainly an anti- 

mitogenic agent, which takes several weeks to be effective.

In human pulmonary arteries, 93% of Endothelin receptors were of the Endothelin-A 

subtype, and 8% were Endothelin-B receptors (Davenport, 1995). In human pulmonary 

artery resistance arteries, concentrations of Endothelin-1 up to 1 nM produced contractile 

responses mainly via the Endothelin-B receptor, whilst higher concentrations were 

mediated by Endothelin-A receptors (McCulloch, 1996). Endothelin-1 is also a potent 

and effective contractile agent in human bronchi (Hay, 1993). Endothelin-A and 

Endothelin-B receptors are present within airway smooth muscle and alveolar septae, but 

Endothelin-B receptors predominated at both sites in the human lung (Henry, 1999). 

However, as Endothelin has a contractile effect in both pulmonary arteries and bronchi, it 

is possible that Endothelin contributes to the altered vasoreactivity and broncho-reactivity 

in pulmonary hypertension and further studies are required.

Noradrenaline in Pulmonary Hypertension.

There is increasing evidence that adrenergic receptors may contribute to the 

pathophysiological changes associated with pulmonary hypertension (Salvi, 1999). 

Adrenergic receptors are present in pulmonary arteries, veins and bronchi. Under 

physiologic conditions they help to regulate vascular tone and maintain adequate 

ventilation/ perfusion matching. However, hypoxia increases arterial a% adrenoreceptor 

density two fold whereas venocaval smooth muscle cells do not show any change in
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response to hypoxia. The excessive stimulation o f a i adrenoreceptors through prolonged 

hypoxia, produces not only smooth muscle contraction, but proliferation as well by 

stimulating DNA and protein synthesis (Dempsey, 1991). As p-adrenoreceptors decrease 

due to chronic hypoxia (Jianming, 1991), adrenoreceptor mediated broncho-relaxation 

may also be affected and should be investigated.

Inhibitory and Excitatory Neural Responses of the Airway and Pulmonary Arteries 

in Pulmonary Hypertension.

Inhibitory and excitatory neural responses of the airway and the pulmonary arteries can be 

assessed using electrical field stimulation. The inhibitory innervation o f the pig airways is 

predominantly noradrenergic and the excitatory (bronchoconstrictor) components are 

cholinergic (Mitchell, 1990). However, in addition to the classic cholinergic and 

adrenergic mechanisms, there are excitatory and inhibitory airway neural pathways that 

are neither adrenergic nor cholinergic (NANC) (Bames, 1991). Vasoactive intestinal 

peptide (VIP) and peptide histidine methionine are potent bronchodilators and may be 

neurotransmitters of the non-adrenergic bronchodilator nerves. In asthma (which may be 

associated with pulmonary hypertension), these peptides are broken down more rapidly 

by enzymes from inflammatory cells, which might contribute to exaggerated bronchial 

responsiveness (Bames, 1991). In a delayed-type hypersensitivity model in the mouse. 

Capsaicin pre-treatment (resulting in the depletion o f sensory neuropeptides) virtually 

abolished airway hyperreactivity to carbachol (Buckley, 1994).

Pulmonary vascular neural innervation is similarly complex, and non-adrenergic non- 

cholinergic nerves have also been described (Maggi, 1990). In small pulmonary arteries 

from children with pulmonary hypertension due to congenital heart disease, excitatory 

neural responses were observed which were not affected by the a-1 adrenoreceptor 

antagonist prazosin. However histochemical investigations revealed catecholamine 

containing nerve fibres around all intrapulmonary arteries down to a 0.04 mm internal 

diameter (Nield, 1986). It has also been shown that prostaglandin levels, which are 

increased in infants with persistent pulmonary hypertension o f the newborn 

(Hammerman, 1987), can influence neuro-effector transmission (Inoue, 1985).
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Thus, altered excitatory and inhibitory neural responses o f small airways and pulmonary 

arteries may be involved in the development and maintenance o f pulmonary hypertension, 

however, further studies are required.

In sum m ary, there is increasing evidence for a co-constriction and co-hypertrophy of 

bronchial and vascular smooth muscle, in addition to altered neurologic and 

pharmacologic responses during pulmonary hypertension. However, the effect of 

development and pulmonary hypertension on pulmonary mechanics, bronchial and 

vascular smooth muscle has not been fully investigated, and will be examined further in 

this thesis, mainly in a porcine model o f post-natal development and neonatal pulmonary 

hypertension.
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Comparison of Porcine and Human Data

Structural comparisons:

Pulmonary arterial muscularity is high in human infants in the first 24 hours after birth, 

decreased significantly by 10 days of age and reaches a low mature level by 3 months 

(Haworth, 1983). In a porcine model o f postnatal development, (Haworth, 1981), dilation 

and recruitment o f small arteries in the acinar region began with the onset o f air breathing 

and inflation o f the lungs during the first 5 minutes after birth. Between 24 hours and 2 

weeks, a significant reduction in the amount o f arterial smooth muscle was associated 

with a reduction in the pulmonary to systemic vascular resistance ratio from 0.58 to 0.18. 

Functionally, the pulmonary circulation appeared mature at rest by 2 weeks, but growth 

and remodelling o f the pulmonary arteries continued until an adult pattern was reached by 

6  months o f age.

In children with pulmonary hypertension, pulmonary arterial muscularity increases by 

hyperplasia and hypertrophy and the luminal diameter is reduced. Muscle extends into 

more peripheral arteries than normal (Haworth, 1988; Haworth, Chest 1988). Similarly, 

pigs exposed to hypoxia after a period of normal post-natal adaptation to induce 

pulmonary hypertension, had increased pulmonary arterial muscularity as shown by an 

increased wall thickness and extension o f smooth muscle into smaller and more 

peripheral arteries than is normal (Haworth, 1982). Thus structurally the porcine model 

appeared to be a satisfactory model for studying post-natal adaptation (Haworth/ Hislop, 

1981) and pulmonary hypertension (Haworth, 1982).

Bronchial smooth muscle morphometry in the porcine model has not been previously 

reported and will be examined latter in this thesis.

Endothelial function:

Villanueva (1998) noted decreased gene expression o f endothelial nitric oxide synthase in 

newborn human infants with persistent pulmonary hypertension. Similarly, in a hypoxic- 

hypobaric neonatal porcine model, pulmonary hypertension impaired pulmonary arterial 

endothelium dependent and independent relaxation, by impairing signal transduction 

mechanisms involved in the release o f nitric oxide (Tulloh, 1997).
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Human data on post-natal changes in nitric oxide synthase and endothelial function are 

not available to compare with the porcine model.

Endothelin-1 :

Blood Endothelin-1 concentration was higher at birth than at 3 days o f age or later in 

piglets (Levy, 1995). Endo (1996) found plasma Endothelin-1 concentrations to be three 

fold higher at birth compared to 5 or 30 days of age in healthy human neonates.

Giaid (1991) examined the distribution of endothelin-like immunoreactivity and mRNA in 

the developing and adult human lung and found that the density o f cells containing 

Endothelin-1 like immunoreactivity was highest during fetal life and started to decline 

before birth, and was minimal in adults. Similarly Hislop (1995) found that Endothelin-1 

binding density decreased on porcine pulmonary arteries between birth and adulthood. 

Human Endothelin-1 receptor changes at birth are not available to compare to the porcine 

model.

In human pulmonary arteries, 93% of Endothelin receptors were of the Endothelin-A 

subtype, and 8 % were Endothelin-B receptors (Davenport, 1995). Similarly in the pig 

pulmonary artery, the majority o f Endothelin binding sites were Endothelin-A receptors 

[75-92%] (Hislop, 1995). On the bronchial smooth muscle 73% of binding sites were 

Endothelin-A and 33% Endothelin-B subtype, whereas the predominant subtype in the 

lung parenchyma was Endothelin-B in the adult pig (Hislop, 1995). In the human lung, 

Endothelin-B receptors predominated on the bronchial smooth muscle and the lung 

parenchyma (Henry, 1999).

During hypoxic neonatal porcine pulmonary hypertension, plasma Endothelin-1 was 

greater than normal for age (Noguchi, 1997). Human Endothelin-1 blood levels are 

elevated in persistent pulmonary hypertension o f the newborn and decrease following 

resolution (Rosenberg, 1993). In lung biopsies o f patients with pulmonary hypertension 

due to congenital heart disease. Lutz (1999) found higher Endothelin-A (ET-A) receptor 

density in lung arteries and lung parenchyma and low Endothelin-B (ET-B) receptor 

expression. Similarly, Noguchi (1997) found that in piglets exposed to hypoxia from 

birth, the binding density o f Endothelin-1 was increased in elastic arteries and muscular
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arteries due to an increase in the density o f ET-A binding. Also the smooth muscle ET-B 

binding was reduced in the elastic arteries in the hypoxic pigs (Noguchi, 1997). 

Noradrenaline:

Human adrenoceptor changes at birth are not available to compare with the porcine model. 

Hislop (2002) found that hypoxia from birth attenuated the normal postnatal increase in p 

adrenoreceptor density in piglets. In children with congenital heart disease, platelet a  

adrenoreceptor density was increased and lymphocyte p adrenoreceptor density was 

attenuated by 27% in patients with left to right shunts which is associated with pulmonary 

hypertension.

Thus the available data suggests that the porcine model of post-natal development and the 

hypoxic porcine pulmonary hypertension model is a useful model for the study of human 

post-natal development and human pulmonary hypertension.
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Hypothesis:

As the pulmonary arteries and the bronchi lie in close proximity to each other, post-natal 

development and pulmonary hypertension will affect bronchial smooth muscle and 

pulmonary arterial smooth muscle in a similar manner.

Overall PhD plan:

Pulmonary mechanics and Lung Morphometry

a)Examine effect o f acute pulmonary hypertension on pulmonary mechanics in infants 

with persistent pulmonary hypertension o f the newborn.

b)Measurement o f bronchial and vascular smooth muscle area in post-mortem lung 

samples from patients with persistent pulmonary hypertension o f the newborn to look for 

further evidence of co-constriction and co-hypertrophy o f bronchial and vascular smooth 

muscle.

Organ bath pharmacology of bronchial and pulmonary vascular smooth muscle

Using a porcine model o f early development and acute hypoxic pulmonary hypertension, 

examine the effects of
Development 

Pulmonary Hypertension 

Recovery from Pulmonary Hypertension 

on bronchial and vascular smooth muscle responses to:

Endothelin-1

Noradrenaline

Electrical Field Stimulation neural responses 

Smooth muscle morphometry

Where possible, organ bath pharmacology will also be performed on post-mortem lung 

tissue from infants who died from pulmonary hypertension.

W ith these studies we hope to find further evidence to test the hypothesis that in 

pulmonary hypertension, bronchial smooth muscle as well as pulmonary arterial smooth 

muscle is affected.
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Chapter 1 

Increased Respiratory System Resistance and Bronchial Smooth 
Muscle Hypertrophy in Infants with Persistent Pulmonary 

Hypertension of the Newborn.

INTRODUCTION

In infants with persistent pulmonary hypertension o f the new-born (PPHN), there is often 

increased reactivity of the pulmonary vasculature to stimuli, resulting in rapid increases in 

pulmonary artery pressure (Peckham, 1978), and a clinical impression o f stiff lungs (Fox, 

1983). In primary PPHN, the initial chest radiographs reveals hyperinflated lungs, with 

flat diaphragms and increased antero-posterior thoracic diameter (Bucciarelli, 1976), 

suggestive o f gas trapping. Shutack (1979) measured pulmonary mechanics in six infants 

with primary or idiopathic PPHN and found increased pulmonary resistance and 

decreased compliance suggesting that these patients had severe obstructive airways 

disease. Five o f these infants subsequently died. Yeh (1981) also studied five babies with 

PPHN and a normal appearance o f the lungs on chest X-ray. They found a lower dynamic 

compliance, normal functional residual capacity and increased airways resistance, 

however the changes in airways resistance did not reach statistical significance in these 

infants. The effect of secondary PPHN due to severe meconium aspiration syndrome or 

acute respiratory distress syndrome (RDS) on lung mechanics has not been assessed.

We have undertaken a study to measure lung mechanics in infants with primary and 

secondary PPHN to determine whether acute increases in pulmonary artery pressure 

(PAP) are associated with changes in respiratory system compliance or resistance. The 

effect o f nitric oxide on the lung mechanics was also assessed. In addition, the bronchial 

and vascular smooth muscle in post-mortem lung biopsies from these infants was 

assessed.
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METHODS

Lung mechanics were measured during the first three days o f life in 52 term infants who 

were sedated, muscle relaxed and ventilated following birth in the intensive care units at 

the Sydney Children’s Hospital, Sydney Australia (n= 35) and the Great Ormond Street 

Hospital for Children, London UK (n=17). Only infants greater than 34 weeks gestational 

age, who had a 3.0 or 3.5 mm internal diameter endotracheal tube were studied.

Three patient groups were examined. Group 1 consisted of 23 infants with PPHN who 

had systemic or suprasystemic pulmonary artery pressure. Group 2 contained 22 infants 

with identical diagnoses and endotracheal tube sizes as group 1 , but had no evidence of 

pulmonary hypertension. Group 3 included seven infants with normal lungs who were 

ventilated for isolated intracranial pathology (Table 1.1). Within groups 1 and 2, four 

diagnostic categories were examined: meconium aspiration syndrome, moderate to severe 

respiratory distress syndrome (RDS), moderate to severe systemic sepsis with positive 

blood cultures and birth asphyxia.

Apart from the 7 infants with normal lungs (Group 3), all the infants had an oxygenation 

index (Mean airway pressure x % FiO] / PaO] in mmHg) greater than 15 to enter the 

study, indicating that they had at least moderate disease severity.

All the patients were sedated with Midazolam and or Morphine infusions and received 

neuromuscular blockade with a Vecuronium infusion as part o f the routine clinical 

protocol. The patients were ventilated with a time cycled pressure limited ventilator. For 

the purposes o f the study, pulmonary hypertension was defined as mean PAP equal to or 

greater than mean systemic arterial pressure.

In the 23 patients with PPHN, respiratory system compliance and resistance was 

measured when the PAP was systemic or suprasystemic. The measurements were 

repeated when pulmonary artery pressure was less than systemic (for definitions see 

pulmonary artery pressure measurement section below). Treatment measures used to 

reduce the pulmonary artery pressure included increased sedation and analgesia infusions, 

sodium bicarbonate boluses to correct any acidosis, inhaled nitric oxide and prostacycline 

or adenosine infusions. In six o f the PPHN patients who received inhaled nitric oxide as 

part o f their clinical management o f the pulmonary hypertension, pulmonary mechanics
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measurements were performed immediately prior to and one hour following the 

commencement o f nitric oxide inhalation at 10 parts per million. In the patients with no 

pulmonary hypertension, two sets o f measurements were made 24-48 hours apart.

Arterial blood was sampled every four hours in these patients as part o f their routine 

monitoring. The pH, PaCOi and PaO] result from the arterial blood sample taken closest 

to the lung mechanics measurements and the corresponding ventilator settings were 

recorded. Oxygenation Index and Ventilation index (Peak Inspiratory Pressure x 

Respiratory Rate x PaCO] divided by 1 000) were also calculated as a measure of 

oxygenation and carbon dioxide clearance.

Pulmonarv arterial pressure measurement:

All patients had an echocardiogram to exclude structural congenital heart disease and to 

measure the pulmonary artery pressure. Pulmonary arterial pressure was estimated 

echocardiographically using the flow velocity of any tricuspid regurgitation jet, right-to- 

left ductal flow, right-to-left flow through a patent foramen ovale, or signs o f bowing of 

the right ventricular septum. In the PPHN infants, the direction o f ductal shunting was 

also assessed using pre- and post-ductal pulse oxymetry.

Svstemic PAP was defined as pulmonary arterial pressure equal to systemic arterial 

pressure as measured on the tricuspid regurgitation je t and or the presence o f bi

directional ductal shunting.

Suprasvstemic PAP (PAP greater than systemic arterial pressure) was defined as a pre- 

and post-ductal oxygen saturation difference of greater than 1 0 % or evidence o f 

suprasystemic PAP if  a tricuspid regurgitant je t was present or pure right-to-left ductal 

flow, or pure right-to-left flow through a patent foramen ovale on echocardiography.

Less than svstemic PAP was defined as resolution of any pre- and post-ductal oxygen 

saturation difference or evidence o f pure left-to-right ductal flow or pure left-to-right flow 

through a patent foramen ovale and resolution o f any bowing o f the right ventricular 

septum on echocardiography.

Pulmonarv Mechanics Measurements:

The pulmonary mechanics measurements in these infants were approved by the hospital 

ethics review board at both hospitals, and were all performed by the author (MS). A
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Bicore CP-100 neonatal monitor (Bicore monitoring systems Irvine, CA) was used. A low 

dead-space disposable sterile pneumotachograph and airway pressure monitoring line 

were inserted between the endotracheal tube and the ventilator circuit. Dynamic 

respiratory system compliance and expiratory respiratory system resistance were 

measured on selected curves using a multilinear regression technique (Lanteri, Pediatr 

Pulmonol 1995). A minimum of six breaths (where the inspired and expired tidal 

volumes differed less than 5 %) were analysed and a mean compliance and resistance 

calculated for each set o f measurements. Where necessary gentle cricoid pressure was 

used to eliminate the leak during measurements. Two sets o f measurements were made in 

each patient at similar respiratory rates and tidal volumes. The endotracheal tube was 

suctioned prior to the measurements to remove any secretions that may interfere with the 

resistance measurements. The PPHN infants received Fentanyl Smcg/kg intravenously 

prior to suctioning.

Morphometrv:

Post-mortem lung samples were obtained from 8  infants with PPHN. Four were from the 

lung mechanics study, two with MAS, one with sepsis and one with RDS and an 

intracranial bleed. Four other similar patients with documented suprasystemic PAP were 

also examined (Table 1.3). The 8  PPHN patients were compared to post-mortem lung 

samples from 6  infants with isolated intracranial pathology and normal lungs. Three 

infants were from Group 3 in the lung mechanics study and three other age matched post

mortem control patients were studied). Using a morphometric technique (Perrin, Pediatr 

Pathol 1991), bronchial and vascular smooth muscle area was measured, in addition to 

the bombesin immuno-stained pulmonary neuroendocrine cell (PNEC) area. Sequential 

sections from each o f the lung samples were immuno-stained for actin as a marker of 

smooth muscle and bombesin as a marker of PNEC using an anti-actin monoclonal 

antibody (Dakopath Glostrup, Denmark) and anti-bombesin monoclonal antibody 

(Hybritech, San Diego, USA) respectively. Using a projecting microscope, the bronchial 

and vascular smooth muscle area, length o f the epithelial and endothelial basement 

membrane, total bronchial epithelial area, and bombesin immuno-stained area were traced 

on paper. The respective surface areas and lengths were then measured with an IBAS
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image analyser (Ziess, Munich, West Germany). A minimum of five to ten bronchioli 

0.22-1.0 mm in diameter were examined on each slide. Similarly, 5-10 accompanying 

pulmonary arteries 0.06-0.54 mm in diameter were also examined. Only airways and 

arteries cut in near perfect cross section (diameter o f the shortest axis being at least two- 

thirds o f the diameter o f the longest axis) were included for the smooth muscle analysis. 

To standardise the bronchial and vascular smooth muscle mass for airway and arterial 

size, the smooth muscle area was divided by the length of the epithelial or endothelial 

basement membrane. As a measure o f frequency o f bombesin-immunoreactive PNEC, the 

percentage o f the bombesin immuno-stained area compared to the total epithelial area 

was quantified.

Data Analvsis:

Statistical analysis o f the compliance, resistance, Pa02 and PaC 02 measurements was

performed using the paired Student's t test within groups 1 -4 to compare the two sets of 

data obtained in each patient. ANOVA was used to compare pulmonary mechanics 

measurements from the pulmonary hypertension infants compared to the non

hypertensive infants in each group. The demographic data of the various patient groups, 

bronchial and vascular smooth muscle measurements, and bombesin data was compared 

using the unpaired Student's t test. The correlation between the bronchial and vascular 

smooth muscle mass was determined using least squares multilinear regression.

RESULTS

Twenty-three o f the infants developed PPHN with systemic or suprasystemic pulmonary 

artery pressure. These patients were compared to 22 infants with similar diagnoses but 

with no pulmonary hypertension. Seven normal infants were also studied. Table 1.1 

shows the demographic and clinical data for the three patient groups. The groups were 

comparable in age, weight and endotracheal tube size.

Respiratorv Svstem Resistance:

In the 23 infants who developed systemic or suprasystemic pulmonary artery pressure, the 

respiratory system resistance was 26% higher during pulmonary hypertension compared
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to when pulmonary artery pressure was less than systemic. The resistance was 0.100 +

0 . 0 1  cm H2 0 .m l'\s'^ during pulmonary hypertension, decreasing to 0.074 + 0 . 0 1  cm 

H2 0 .ml'\s'^ when pulmonary artery pressure became less than systemic (p < 0 .0 0 1 ). 

(Table 1.1) A significant fall in respiratory system resistance with resolution o f the 

pulmonary hypertension was seen in the meconium aspiration, respiratory distress 

syndrome, and sepsis infants, and a similar trend was seen in the asphyxia group (Figure 

1.1). In the pulmonary hypertension patients, the respiratory system resistance mirrored 

the fluctuations in pulmonary artery pressure even when fluctuations occurred rapidly, 

within 10 minutes and decreasing again within 20 minutes (Figure 1.2). In six PPHN 

patients the respiratory system resistance measurement was repeated within ten minutes 

o f the original measurement at systemic pulmonary artery pressure, as the PAP suddenly 

became suprasystemic. The respiratory system resistance in these patients acutely 

increased by 15 % from 0.075 + 0.005 cm H2 0 .ml'\s'^ during systemic PAP to 0.086 + 

0.006 cm H2 0 .m r’.s'’ during suprasystemic PAP ten minutes later (p = 0.02). Within 1 

hour, the pulmonary artery pressure had returned to systemic levels, and the respiratory 

system resistance had also returned to systemic levels (Figure 1.3). Oxygenation was also 

significantly worse due to the increased right to left shunting (Figure 1.3). In contrast, no 

significant change in respiratory system resistance was seen in the infants with similar 

diagnoses who did not develop pulmonary hypertension. (Figure 1.1) When the 

pulmonary hypertension resolved in the PPHN patients, the resistance values were similar 

to those o f non-pulmonary hypertensive and the normal patients (Table 1.1).

Respiratorv Svstem Compliance:

In the patients with PPHN, the respiratory system compliance was 26% lower during 

systemic or suprasystemic PAP compared to when the PAP became less than systemic 

(Table 1.1). The compliance was 0.31 + 0.02 ml.cm H2 0 '\kg '^ during pulmonary 

hypertension and improved to 0.42 + 0.03 ml.cm H2 0 "\kg'^ when the pulmonary 

hypertension decreased (p = 0.01). In the two patients with PPHN, birth asphyxia and 

clear lung fields, the compliance also improved by 1 2 % as the pulmonary hypertension 

resolved (Figure 1.4). Similarly, in the six infants in whom the pulmonary arterial 

pressure became suprasystemic within 1 0  minutes o f the previous reading, compliance
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also fell by 6  % and then increased again as the pulmonary artery pressure returned to 

systemic levels one hour later, Figure 1.3. As opposed to the resistance which was 

consistently higher in all 23 patients during pulmonary hypertension, the compliance did 

not change in two hypertensive patients. The compliance improved in all 4 diagnostic 

groups following resolution o f the pulmonary hypertension (Figure 1.4). In contrast, in 

the patients without pulmonary hypertension, the compliance improved significantly in 

the meconium aspiration and respiratory distress syndrome infants from 0.33 + 0.03 to 

0.42 + 0.03 ml.cm HiO'^kg'^ as the lung disease improved (p = 0.001), but not in the 

sepsis and birth asphyxia babies (Figure 1.4). The initial compliance values o f the PPHN 

and no pulmonary hypertension groups were not significantly different. There was no 

significant change in compliance in the normal control group.

Gas Exchange and Ventilation:

The effect o f the changes in pulmonary mechanics on ventilation and gas exchange are 

shown in Table 1.2. There was a greater improvement in oxygenation in the PPHN group 

as the pulmonary hypertension resolved compared to similar infants with no pulmonary 

hypertension. The oxygenation index improved by 25 + 2 in the PPHN group and 12 + 2 

in the no pulmonary hypertension group, p=0.002. The carbon dioxide clearance also 

improved to a greater extent in the PPHN group with the mean PaCOz decreasing by 28% 

in the PPHN group and 13% in the no pulmonary hypertension group. The carbon dioxide 

tension decreased from 45.4 + 13  mmHg during pulmonary hypertension to 32.7 + 8.2 

mmHg with resolution o f the pulmonary hypertension even though the ventilator settings 

had been reduced in some patients compared to the pulmonary hypertension settings (p = 

0.004). In the five PPHN patients where the ventilator settings were unchanged between 

readings, the PaCOz fell from 43 + 7.2 to 29.8 + 5.1 mmHg (p = 0.007) as the PAP and 

respiratory system resistance decreased. In the no pulmonary hypertension group, the 

PaCO: decreased overall from 43 + 1 1  to 37.4 + 6 . 2  mmHg and only just reached 

statistical significance, p=0.05. The ventilation index (PIP x PaC 02 x RR / 1000) was 

significantly greater initially during pulmonary hypertension than during the initial acute 

illness in infants with a similar diagnosis and no pulmonary hypertension (p=0.05). The
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arterial pH also increased as the pulmonary hypertension resolved in the PPHN group 

from pH 7.28 + 0.1 to 7.41 +0.1 (p = 0.002) and was unchanged in the no pulmonary 

hypertension group.

Similar ventilator rates and tidal volumes were used during the two readings in each of 

the patient groups. (Table 1.2) The PPHN group required significantly higher peak 

inspiratory pressures (PIP) to achieve the identical tidal volumes during pulmonary 

hypertension (34 + 7 cm H2O) compared to the initial PIP in the non-hypertension group 

(30 + 5 cm H2O), (p = 0.01). Following resolution o f the pulmonary hypertension, the PIP 

o f the PPHN patients was no longer significantly different from the no pulmonary 

hypertension group (second reading). There were no significant differences in the Fi0 2  , 

mean airway pressure or the PEEP used in the PPHN and the no pulmonary hypertension 

groups.

Effect o f Nitric Oxide:

Six o f the PPHN patients received nitric oxide 10 parts per million during pulmonary 

hypertension. The respiratory system resistance decreased 16% one hour following the 

commencement o f nitric oxide, falling from 0.074 + 0.01 to 0.064 + 0.007 cm H2 0 .ml \s" 

 ̂ (p = 0.001). The arterial/alveolar oxygenation ratio improved 158% from 0.1 + 0.07 to 

0.26 + 0.15 one hour following the commencement o f nitric oxide (p = 0.01). The PAP 

decreased from systemic or suprasystemic to systemic or less than systemic in all six 

patients. The compliance and PaC0 2  did not change significantly.

Morphometrv:

Post-mortem lung samples obtained from eight patients with PPHN were compared to 

lung samples from six control patients o f similar age and weight who had no underlying 

cardiac or pulmonary disease. The demographic and clinical data from these patients is 

shown in Table 1.3. The bronchial and vascular smooth muscle area was increased two 

fold in the PPHN patients compared to the controls. The mean bronchial smooth muscle 

area in the PPHN patients was 13 .1+5.4  mm^ compared to 6.5 + 2.9 mm^ in the controls, 

(p = 0.01). When the bronchial smooth muscle area was divided by the length o f the 

epithelial basement membrane to standardise for airway size, the bronchial smooth
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muscle was increased 150% in the PPHN group (p < 0.001, Table 1.3). The mean 

vascular smooth muscle area in the PPHN patients was 11.9 + 7.8 mm^ compared to 6.9 + 

2.1 mm^ in the controls, p = 0.005. When the vascular smooth muscle area was divided 

by the length o f the endothelial basement membrane to standardise for vessel size, the 

vascular smooth muscle was increased 118 % in the PPHN group (p < 0.001, Table 1.3). 

This marked degree o f bronchial and vascular smooth muscle hypertrophy is also 

apparent in the photomicrographs from a patient with PPHN compared to an age matched 

control patient (Figure 1.5). There was a significant correlation between the amount of 

bronchial and vascular smooth muscle present in each adjacent bronchus and artery 

measured. The patients with more marked bronchial smooth muscle hypertrophy also had 

greater pulmonary vascular smooth muscle increases (r = 0.78, p<0.05. Figure 1.6).

The percentage o f bombesin immuno-stained PNEC per epithelial area was 4.15 + 1 % in 

the PPHN group compared to 4.35 + 1.6 % in the control group and the difference was 

not statistically significant (Table 1.3).

DISCUSSION

In this study we found that systemic or suprasystemic pulmonary hypertension in infants 

is associated with an increase in respiratory system resistance and bronchial smooth 

muscle mass.

The measured increase in respiratory system resistance represents a major rise, as a 

substantial proportion o f the measured resistance is within the endotracheal tube 

(LeSouef, 1984). LeSouef found that in infants, resistance decreased 43.9% following 

extubation and the compliance remained unchanged. However in our infants the two sets 

o f measurements were made with the same size endotracheal tube in situ, and thus the 

changes in resistance observed reflect significant changes distal to the endotracheal tube. 

The changes in lung mechanics were significant enough to interfere with mechanical 

ventilation. During systemic or suprasystemic pulmonary hypertension the PaCOz was 

12.7 mmHg higher and the arterial pH significantly lower than when the pulmonary 

hypertension was less than systemic. This change in pH could cause the pulmonary artery 

pressure to rise further.



43

The changes in respiratory system resistance in the PPHN patients occurred rapidly, 

mirrored the pulmonary artery pressure, and were reversible with the resistance 

decreasing to normal when the pulmonary hypertension became less than systemic. 

Possible mechanisms that could explain these observed acute changes in lung mechanics 

include acute bronchoconstriction, stiffening o f the vasculature causing the air vessel 

space to become less distensible, congestion o f the bronchial wall, and mechanical 

compression o f the small airways. Stiffening o f the vasculature and congestion o f the 

bronchial wall may result in increased respiratory system resistance, however it would not 

explain the observed hypertrophy of the bronchial smooth muscle. Bronchoconstriction 

however could explain all the findings observed in our study. Although the major finding 

during pulmonary hypertension was increased resistance, a reduction in the calibre o f the 

small airways can also explain the decrease in compliance as alveolar duct muscle 

contraction has been shown to decrease compliance in cats (Colebatch, 1971). The 

changes in compliance in our study, however, are difficult to interpret in view o f the 

presence o f underlying lung disease in two o f the diagnostic groups and the use of 

surfactant in all but four of the PPHN patients. The compliance improved in the 

generalised sepsis infants with pulmonary hypertension but not in the sepsis infants with 

no pulmonary hypertension, and the two patients with PPHN and clear lung fields also 

had improved compliance following resolution of the pulmonary hypertension which is in 

agreement with the previous studies (Shutack, 1979; Yeh, 1981). Schulze-Neick (1999) 

noted instantaneous breath-by-breath reductions in dynamic respiratory system 

compliance and a 15% reduction in tidal volume during rebound pulmonary hypertension 

following discontinuation o f inhaled nitric oxide in 4 infants following cardiac surgery. 

The changes reversed immediately when the nitric oxide was recommenced. They did not 

observe changes in respiratory system resistance however this may have been masked by 

the decreased in flow and tidal volume. Measurement o f respiratory system resistance is 

flow and tidal volume dependent (Tantucci, 1992), which is why the two sets of 

measurements in our study were performed at identical tidal volumes.

The respiratory system compliance changes were much weaker and less consistent than 

the respiratory system resistance changes in our study, possibly because many factors
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influence respiratory system compliance such as the effects o f surfactant (Morley, 1991) 

and possible changes in the underlying parenchymal lung disease.

Clinical Implications:

The findings o f our current study and Schulze-Neick’s (1999) study emphasises the 

rapidity and severity o f the pulmonary mechanics changes which accompany acute 

pulmonary hypertension. It also emphasises the need to monitor ventilation, tidal volume 

and carbon dioxide clearance closely during pulmonary hypertension, especially when 

using pressure preset or pressure limited ventilation. Pressure limited ventilation is the 

most frequently used mode o f ventilation in infants, as it is less affected be leaks around 

the uncuffed endotracheal tube. This mode of ventilation will result in an altered tidal 

volume and hence minute ventilation if  the respiratory system resistance or compliance 

suddenly changes. The resultant rise in carbon dioxide and reduction in arterial pH would 

make the pulmonary hypertension worse and increase the risk of impaired cardiac output. 

The rapidity o f the changes in pulmonary mechanics suggests possible neural 

mechanisms. Opioids reduce the cholinergic and non-adrenergic, non-cholinergic 

bronchoconstrictor responses to electrical field stimulation induced neural responses in 

guinea pig, canine and human airways via mu-opioid receptors (Belvisi, 1992; Matran, 

1989). Hickey (1985) found that brief endotracheal suctioning resulted in marked 

increases in pulmonary arterial pressure and pulmonary vascular resistance, and these 

increases were almost completely abolished by 25mcg/kg Fentanyl. Thus it emphasizes 

the need to avoid noxious stimuli in these infants by pretreating with narcotics such as 

Fentanyl to avoid sudden neural induced vaso and broncho-constriction.

The causes o f the PPHN in our study were largely secondary, due to meconium 

aspiration, RDS or sepsis, and yet the results of our study are in agreement with the 

results o f the previous two studies on primary or idiopathic PPHN (Shutack, 1979; Yeh, 

1981). In an earlier study on children with acute pulmonary hypertension postoperatively 

following surgery for congenital heart disease, the respiratory system resistance increased 

43 % and the static respiratory system compliance decreased 11 % during pulmonary 

hypertension (Schindler, 1995). In this study, the changes in lung mechanics also 

occurred rapidly, mirrored the changes in pulmonary artery pressure, and returned to
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normal when the pulmonary hypertension resolved (Schindler, 1995). Thus the increase 

in respiratory system resistance appears to accompany pulmonary hypertension regardless 

o f the cause. Adults with primary pulmonary hypertension were also found to have 

decreased lung compliance and increased airway resistance suggestive o f an obstructive 

process primarily affecting the peripheral airways (Femandez-Bonetti 1983, Burke 1997).

Morphometrv:

The post-mortem lung samples from infants who had PPHN, showed an increase in the 

bronchial smooth muscle mass as well as increased pulmonary vascular smooth muscle. 

This increase in smooth muscle mass may be due to hypertrophy or hyperplasia. Earlier 

morphometric studies o f infants with PPHN have shown a two fold increase o f the medial 

wall thickness o f the normally muscular arteries and extension o f vascular smooth muscle 

into small arteries (Haworth, 1976; Murphy, 1981). In addition, PPHN is characterised by 

rapid changes in pulmonary artery pressure (Peckham, 1978) suggesting that the 

abnormally muscular pulmonary vascular bed has a heightened reactivity to stimuli 

resulting in severe pulmonary vasoconstriction. In this study we found co-hypertrophy o f 

vascular and bronchial smooth muscle in PPHN. Our observed sudden increases in 

respiratory system resistance as the pulmonary artery pressure became suprasystemic may 

similarly be due to heightened reactivity o f the abnormally muscular bronchi resulting in 

acute bronchoconstriction. There were similar increases in bronchial and vascular smooth 

muscle in children with pulmonary hypertension due to congenital heart disease 

(Schindler, 1995). In another study, Hislop (1989) noted that human bronchi were 

surrounded by considerable amounts o f mature bronchial smooth muscle at birth, and that 

the amount o f bronchial smooth muscle increased in premature infants who require 

artificial ventilation for respiratory distress syndrome, which is often associated with 

pulmonary hypertension and increased vascular smooth muscle (Hislop, 1990). Similarly, 

in children with severe bronchopulmonary dysplasia in whom the pulmonary vascular 

resistance was found to be elevated at cardiac catheterisation, and who subsequently died 

from pulmonary hypertension, morphometric studies also showed increased thickness of
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bronchial muscle (Bush, 1990). In addition, in lung biopsies from adolescents with mitral 

stenosis and pulmonary hypertension, both bronchial and pulmonary arterial smooth 

muscle was increased (Haworth, 1988).

In our study we noted co-constriction and co-hypertrophy o f bronchial and vascular 

smooth muscle during pulmonary hypertension. Anatomically the pulmonary vasculature 

and bronchi lie in close proximity to each other. Thus it is conceivable that a mediator or 

neurotransmitter released locally may act on both vascular and bronchial smooth muscle. 

Nitric Oxide is a pulmonary vasodilator (Pepke-Zaba, 1991), bronchodilator (Hogman, 

1993) and inhibitor o f vascular smooth muscle hypertrophy (Cornwell, 1994). In 

experimental models, hypoxia decreases nitric oxide production, however the response to 

nitric oxide is unaltered (Rodman, 1990). Giaid (1995) noted that pulmonary 

hypertension is associated with diminished expression o f endothelial nitric oxide 

synthase. Although the causal mechanisms of PPHN are poorly understood, we speculate 

that decreased production o f endogenous nitric oxide, possibly due to hypoxia, may 

contribute to the failure o f post-natal pulmonary vascular adaptation. Endothelial nitric 

oxide synthase mRNA from cultured umbilical vein endothelial cells was absent in the 

majority of infants with PPHN and was detected in all normal term infants (Villanueva, 

1998). In addition, there is increasing evidence that mediators such as nitric oxide can 

affect both the vasculature and the bronchi. Ilhan (1986) found that acetylcholine released 

a vascular smooth muscle relaxant factor from tracheal epithelium, and McLarty (1993), 

noted that factors released from vascular endothelium could influence bronchial smooth 

muscle reactivity. In our patients, inhaled nitric oxide decreased both the pulmonary 

artery pressure and the respiratory system resistance.

We also examined the bombesin immuno-reactive PNEC, which had been increased in 

our earlier study on children with postoperative pulmonary hypertension (Schindler,

1995). Bombesin immuno-reactive PNEC release Endothelin-1 (Giaid, 1993), which is a 

potent pulmonary vasoconstrictor (Raffestin, 1991), bronchoconstrictor (White, 1991), 

and stimulator of smooth muscle cell growth (Bobik, 1990). Although the PNEC were not 

increased anatomically in our study, they could still be increased functionally, as 

Endothelin-1 levels have been found to be elevated in infants with PPHN (Rosenberg,
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1993). The rise in Endothelin-1 correlated with disease severity and declined with 

resolution of the PPHN. During pulmonary hypertension, altered local release of 

mediators such as nitric oxide and Endothelin-1 may account for the findings o f this 

study, however at this stage the exact cause is speculative and is subject to further 

pharmacologic investigation in subsequent chapters.

In summary, PPHN is associated with acute increases in respiratory system resistance 

which are of sufficient magnitude to interfere with mechanical ventilation. In addition we 

found there was co-hypertrophy o f bronchial and vascular smooth muscle. These findings 

suggest a co-constriction and co-hypertrophy o f bronchial and vascular smooth muscle 

during pulmonary hypertension. It also stressed the need to monitor ventilation carefully 

during pulmonary hypertension and to adjust the ventilation accordingly to counteract the 

effects of the pulmonary hypertension on the airway.
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TABLE 1.1 Demographic and clinical data o f  patients who had pulmonary mechanics measurements. 
The initial respiratory system resistance and Oxygenation Index was significantly higher in the infants with 
persistent pulmonary hypertension o f  the newborn (PPHN) compared to the matched infants without 
pulmonary hypertension (N o PAH). Values are mean + SE * p<0.01 when PPHN patients compared to no 
PAH patients.

PPHN
(n=23)

No PAH
(n=22)

Normal
(n=7)

Gestational Age (weeks)

Age (days)

Weight (Kg)

Endotracheal tube size 3.0
(No patients)

Endotracheal tube size 3.5
(No patients)

Diagnosis (No patients)

Meconium Aspiration 
Respiratory distress syndrome 
Sepsis
Birth asphyxia 
Intracranial haemorrhage 
Meningitis

Acute Respiratory System Resistance 
(cm HiO/ml/s)

Second Respiratory System Resistance 
(cm H2 0 /ml/s)

Acute Respiratory System Compliance 
(ml/cm HiO/kg)

Second Respiratory System Compliance 
(ml/cm H2 0 /kg)

38.8 ±0 .5  

1.5 ± 0 .7  

3.1 ±0 .12  

5

18

38.1 ± 0 .5  

1.4 ± 0 .5  

3.2 ±0 .13  

4

18

0 .1 0 0 ± 0 .0 1 * 0.068± 0 . 0 1

0.074± 0.01 0.071±0.01

0.31 ±0 .02  0.33 ±0 .03

0.42 + 0.03 0.42 + 0.03

33 + 2*Initial Oxygenation Index

Oxygenation Index at second measurement 8 . 8  ±  1

Interval between readings (hours) 36 ±  7

No. patients on inotropic agents 
No. patients on vasodilators 
No. patients received surfactant 
No. patients received nitric oxide

16
15
19
12

22 ± 2

7.2 ± 1

32 ± 7

9
3
20

40 ± 1 .2  

1.9 ± 0 .7  

3.47 ±0 .44  

2

3
3
1

0.072± 0.01

0.071±0.01

0.95 ±  0.07

0.91 ±0 .08

1.7±0.1  

1.8 ± 0.1 

24 + 2
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TABLE 1.2 Ventilator settings and arterial blood gas results o f  the patient groups. * p<0.05 when second  
readings compared to initial readings within same group. # p<0.05 when Persistent pulmonary hypertension 
o f  the new-born (PPHN) initial readings compared to initial readings o f  infants with similar diagnoses and 
no pulmonary hypertension (no PAH). The arterial pH and ventilation index were significantly worse in the 
infants with PPHN. Values are mean + SD

P P H N
(Initial)

(n=23)

PPHN
(resolved)

(n=23)

No PAH
(Initial)

(n=2 2 )

No PAH
(Second
Reading)
(n=2 2 )

Norm al

(Initial)

(n=7)

FiOz 0.98 ±0.01 0.53 ±  0.2* 0.87 ± 0 .2 0.45 ±0.1* 0.25 ± 0.03

B reaths per 
m inute

5 0 ±  12 4 8 ±  14 4 5 ±  14 4 5 ±  13 24 ± 4 .2

Insp ira to ry
Pressure
(Cm H 2 O)

34 ± 7 27 ±5 .4* 30 ± 5 # 25 ± 3 * 16.8±2.1

PEEP
(Cm H2 O)

7.0 ± 1.5 7.4 ± 1 .2 6 . 8  ± 1 .5 6.7 ± 1.0 4.5 ± 0.75

M ean
A irw ay
Pressure

1 8 ± 3 14± 3* 1 6 ± 3 13 ± 2* 7.6 ± 0 .8

Insp ira to ry
Time
(seconds)

0 .51+ 0 .2 0.54 ± 0 .2 0.53 ±  0.2 0.57 ± 0 .2 0.65 ±0.1

T idal
Volume
(ml/kg)

7.6 ±2.1 7.6 ± 2 1 + 2' 6 . 8  ± 1 7.5 ± 0 .7

A rteria l
pH

7.28 ±  0.1 7.41 ±0 .1* 7.36 ± 0.1# 7.40 ±0.1 7.44 ±0.1

A rteria l
PaCOz
(mmHg)

45.4 ± 13 32.7 ±8 .2* 42.9 ±  11 37.4 ± 6 .2* 32.3 ± 7 .6

A rteria l
PaOz
(mmHg)

72 ±41 104 ± 35* 78 ± 3 0 89 ± 2 2 115± 34

V entilation
Index
(RRxPIPx
PaC 02/1000)

83 ± 3 4 43 ±  22* 63 ±  30 # 42 ±15* 1 0 ± 2
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TABLE 1.3 Demographic and clinical data from the eight patients with persistent pulmonary 
hypertension o f  the newborn (PPHN) in whom post-mortem lung tissue was obtained (4 from lung 
mechanics study and 4 other similar patients) and the six age matched post-mortem control patients 
with no pulmonary hypertension (3 from lung mechanics study and 3 other similar patients). Bronchial and 
vascular smooth muscle, and respiratory system resistance were significantly increased in the PPHN  
infants. * p<0.05 when PPHN patients compared to controls, Values are mean + standard deviation.

PPHN
(n = 8 )

Control
(n = 6 )

Gestational age (weeks)

Age (Days)

Weight (Kg)

Diagnosis (No patients)

Meconium Aspiration +Birth asphyxia

Sepsis + PPHN

Birth asphyxia + PPHN

RDS/Intracranial bleed

Intracranial bleed

Cervical spine injury

Meningitis

Airway diameter examined (mm) 

Arterial diameter examined (mm) 

Bronchial smooth muscle 

(mm^/mm basement membrane) 

Vascular smooth muscle 

(mm^/mm basement membrane)

% Bombesin immunoreactive 

PNEC per epithelial area 

Pulmonary artery pressure

Respiratory system resistance
(cm HiO.ml'^s"^ )

Respiratory system compliance
(ml/cm HzO/kg)

3 9 ± 4  

5.25 ± 3 .7  

3.33 ± 0 .4

4

2

1

1

4 0 ± 3  

5.83 ±7.1 

3.51 + 0.6

0.56 ± 0.06 

0.14 ±0.08

9.5 ±3.1*

29.2 ±6.1*

4 .15±1.1

Suprasystemic

0.118±0.01*

0.38 + 0.1*

3

2

1

0.54 ±0.08 

0.16 ±0 .04

3.75 ± 1

13.4 ± 3

4.35 ± 1.6 

Normal 

0.068 ±  0.005

0.95 + 0.2
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Figure 1.1
Upper bar graph: There was significantly increased respiratory system  resistance during acute pulmonary 
artery hypertension (PAH) compared to when the pulmonary hypertension resolved (Base).
Lower bar graph: There was no significant change in resistance in infants with identical diagnoses 
and no pulmonary hypertension when 2 measurements made 24-48 hours apart are compared.
# p<0.05 when the pulmonary hypertension readings are compared readings at baseline when PAH  
had resolved. V alues are mean + SE
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Figure 1.2
U pper graph show s the rapidity w ith w hich  parallel changes in respiratory system  resistance [Resist]
(cm  H jO /m l/s) and pulm onary artery pressure (PA P) can occur in an infant w ith PPH N  and respiratory 
distress syndrom e. There w as a rapid increase in respiratory resistance and pulm onary artery pressure 
over 10 m inutes and then both decreased back to system ic levels 20  m inutes later.
L ow er graph show s further parallel changes in respiratory system  resistance during fluctuations in  
pulm onary arterial pressure in an infant w ith PPH N  and m econium  aspiration syndrom e. The spike in PA P and 
respiratory system  resistance at 6 hours occurred w hile perform ing an E lectroencephalogram  on the infant. 
(M easurem ents taken on  identical ventilation settings.)
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Figure 1.3 Data from six infants (4 with m econium  aspiration, 1 with sepsis, and one with respiratory 
distress syndrome) in w hom  pulmonary artery pressure (PA P) becam e supra-system ic within 10 minutes o f  
a reading at system ic pressure, and were system ic again within I hour o f  the supra-system ic reading.
Upper graph: There was significant increase in respiratory system  resistance follow ing an acute increase 
in PAP to supra-system ic levels over 10 minutes. Respiratory system  resistance decreased again when the 
PAP becam e system ic again I hour later. Arterial carbon dioxide (P aC 02) and ventilation index (VI) also 
increased acutely during supra-systemic PAP, but did not reach statistical significance.
Lower graph: There w as a non-significant decease in com pliance (com pl) during sudden supra-systemic 
PAP. In addition, the arterial oxygen saturation (S a 0 2 ) and the oxygenation index (01) deteriorated due to 
increased right-to-left shunting during the acute rise in PAP. V alues are mean + SE, * p<0.05 when 
suprasystemic readings are compared with original system ic value. j  q q
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Figure 1.4
Upper bar graph: There was significant improvement in respiratory system  com pliance follow ing  
resolution o f  acute pulmonary artery hypertension (PAH), except in the asphyxia group, w hich only  
contained 2 patients. # p<0.05 when PAH measurement compared to baseline (Base).
Lower bar graph: There was also significant improvement in com pliance in infants with m econium  
aspiration syndrome (M A S) and respiratory distress syndrome (R D S) and no pulmonary hypertension  
when 2 measurements are made 24-48 hours apart. *p<0.05 when the two measurements performed in 
the no pulmonary hypertension are compared. Values are mean + SE
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Figure 1.5 Photomicrograph o f  a bronchus (B ) and pulmonary artery (A ) from a normal control patient 
(1) and an age matched patient with persistent pulm onary hypertension o f  the newborn (2). There is marked 
thickening o f  the bronchial and vascular sm ooth m uscle (sm ) in the pulmonary hypertension patient 
compared to the control.
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Figure 1.6 Morphometric assessm ent o f  bronchial and vascular sm ooth m uscle, show ing increased 
bronchial and vascular sm ooth muscle in the infants with Persistent Pulmonary Hypertension o f  the N ew 
born (PPHN) compared to age matched normal controls. There was also a significant correlation betw een  
the amount o f  bronchial and pulmonary arterial sm ooth m uscle present in each adjacent bronchus and 
arteriole measured (r=0.78, p<0.05).
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Chapter 2 

The porcine model, 
Pharmacological methodology and 

Morphometric analysis of porcine bronchial, pulmonary arterial and 
venous smooth muscle during early adaptation and hypoxic pulmonary 

hypertension.

INTRODUCTION:

In previous studies on human lung biopsies o f children with pulmonary hypertension due 

to congenital heart disease (Schindler, 1995), and infants with persistent pulmonary 

hypertension o f the newborn (Chapter 1), bronchial smooth muscle was found to be 

increased in addition to increased pulmonary arterial smooth muscle during pulmonary 

hypertension. As the majority o f the pharmacology studies will been performed using 

tissue from the porcine model of hypoxic pulmonary hypertension, morphometry was also 

performed to see if  similar changes occurred in the porcine model and to further evaluate 

the relationship between bronchial and pulmonary arterial smooth muscle during 

development as well as during pulmonary hypertension. In addition, morphometry was 

performed on the pulmonary veins to see if  they were also involved.

METHODS

1. The Porcine Developmental Model:

To study the effect o f development and maturation on the morphometry and 

pharmacological responses o f the pulmonary arteries, pulmonary veins and bronchi. Large 

White pigs were studied at 7 ages: fetal, newborn (<5minutes o f age), 24 hours, 3, 7 and 

14 days and adult. The fetal pigs were 110 days gestation (5 days preterm) and were 

obtained by humanely killing the mother and then removing the piglets before the onset 

o f breathing. Adult tissue was obtained from a local abattoir. In the remaining age groups, 

the animals were delivered vaginally and kept with their mother, or were kept in a 

separate heated straw filled pen with a continuous supply o f milk. They were killed with 

an overdose o f pentobarbital sodium lOOmg/kg accordance with British Home Office
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regulations and approved by the Animal Ethics Committee of the Institute o f Child 

Health.

2. The Porcine Hypoxic-hvpobaric pulmonary hypertension model:

To study the effect o f pulmonary hypertension on the morphometry and pharmacological 

responses of the pulmonary arteries, pulmonary veins and bronchi, Large White pigs were 

placed in a hypoxic-hypobaric chamber (50.8kPa, FiO] 0.096) and cared for in an hypoxic 

environment to induce pulmonary hypertension. The animals received humane care in 

compliance with British Home Office Regulations and with the Principles o f  Laboratory 

Animal Care formulated by the National Society o f Medical Research and the “Guide for 

the Care and use o f Laboratory Animals” published by the National Institutes o f Health 

(Department o f Health and Human Services Publication No. (NIH) 80-23, Revised 1996. 

Animals were kept in the hypobaric chamber on straw at a temperature o f 25 ^C with a 

continuous supply o f milk. The chamber was cleaned and the supplies replenished three 

times a day. The normoxic control animals were largely from the same litter but some 

were from other similar litters matched with respect to age o f entry and removal from the 

hypobaric chamber. These young animals were either maternally fed or were kept in a 

separate heated straw filled pen with a continuous supply o f milk.

Three hypoxic-hypobaric pulmonary hypertension regimes were used.

a) New bom  piglets (Large White breed) were placed in a hypoxic-hypobaric 

chamber (50.8kPa, FiOz 0.096) within 2 hours of age, and cared for in an hypoxic 

environment for three days to induce neonatal pulmonary hypertension (0-3 day 

hypoxia group). Normoxic normobaric 3 day old piglets were used as controls.

b) In the second grouping, three day old piglets were placed in a hypoxic-hypobaric 

chamber (50.8kPa, FiOz 0.096) for three days to study the effect o f later onset 

pulmonary hypertension after a period of normal adaptation (3-6 day hypoxia 

group), and normoxic normobaric 6 to 7 day old piglets were used as controls.
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c) In the third and final grouping, three day old piglets were placed in a hypoxic- 

hypobaric chamber (50.8kPa, FiOz 0.096) for eleven days to study the effect of 

increased duration of hypoxia on the pulmonary hypertension (3-14 day hypoxia 

group), and normoxic 14 day old piglets were used as controls.

On emergence from the chamber the 0-3 day hypoxia piglets were cyanosed with a 

systemic arterial oxygen saturation of 71 + 5% (Tulloh, 1997). On post-mortem 

examination, they had a patent ductus arteriosus, indicating probable suprasystemic 

pulmonary arterial pressures with right to left ductal shunting. Ventricular heart weight 

ratios were measured in our animals (by dissecting free and weighing the right ventricle 

muscle and comparing it to the left ventricular and septal muscle weight) and showed 

they had right ventricular hypertrophy (Table 2.1), and lung morphometry showed 

increased medial thickness and peripheral extension of pulmonary arterial smooth muscle 

indicating that they had significant pulmonary hypertension (Haworth, 1982).

The 3-6 day hypoxic pulmonary hypertensive animals had right ventricular hypertrophy 

and increased medial thickness and peripheral extension o f pulmonary arterial smooth 

muscle on emergence from the chamber (Haworth, 1982). The 3-14 day hypoxic 

pulmonary hypertensive animals also had right ventricular hypertrophy and increased 

medial thickness and peripheral extension o f pulmonary arterial smooth muscle (own 

observations).

At least 6 animals were studied in each group. Immediately following removal from the 

hypoxic-hypobaric chamber, the animals were killed with an overdose o f pentobarbital 

sodium lOOmg/kg in accordance with British Home Office regulations and approved by 

the Animal Ethics Committee o f the Institute o f Child Health.

The recovery animals will be described in Chapter 7.

Basic Organ Bath Pharmacology technique:

Immediately after death, the heart and lungs were removed and placed in cold modified 

Krebs-Ringer solution o f the following composition (mmol/1): (pH 7.4) NaCl 119, KCl 

4.7, CaCb 2.5, NaHCOg 25, MgS0 4  1.2, KH2PO4 1.2, NazEDTA 0.026, 5.5 glucose, 

gassed with 95% O2 / 5% CO2.
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The parallel intralobar second to third order intra-pulmonary arteries (1-2 mm diameter), 

adjacent bronchi (2-3 mm diameter) and pulmonary veins (1-2 mm diameter) were 

dissected free from the surrounding lung parenchyma o f the lower lobes and cut into rings

2-3 mm long. In the adult animals, vessels and bronchi were 3-4 mm in diameter. The 

location of the vessels and bronchi in the lower lobe is shown in Figure 2.1. The rings 

were suspended between two stainless steel stirrups; one connected to a fixed stirrup 

within a 10ml organ chamber and the other to a Grass FT .03 force transducer (Grass 

Instruments, Quincy Mass. USA) for measuring isometric tension in grams (g). The 

forces were recorded continuously on an 8 channel Grass 7D Polygraph and were also 

digitally converted at 1.7 Hz using MacLab Macintosh Digital recorder (AD Instruments 

Ltd., UK) and recorded with Chart 3.3.6 for Macintosh. The organ chambers were filled 

with modified Krebs-Ringer solution, continuously bubbled with 95% O2 - 5% CO2 , and 

maintained at 37°C. The resultant solution had a pH o f 7.4 to 7.44, PaC 02 4.9-5 kPa, 

Pa02 87-90 kPa, Bicarbonate 25 mmol/1, Na 140 mmol/1, K 3.7-4 mmol/1 (measured 

using an I-Stat analyser). As the elastic arteries and bronchi were thick walled, possibly 

limiting adequate diffusion o f oxygen into the core o f the preparation (Hellstrand, 1977 & 

1978), all tissue was studied using 95% O2 . This will be discussed further in the summary 

discussion (page 244).

After an equilibration period, the arteries, bronchi and veins were stretched in increments 

to optimum resting tension. Optimum resting tension was determined by repeated 

exposure to 40mmol/l potassium chloride (KCL) at various resting tensions. The tension 

which produced the maximum contractile response to KCL, and where further increased 

tension failed to increase KCL response by greater than 10% of the previous 

measurement, was used as the optimum resting tension for that group. The resting 

tensions for the different groups are shown in Table 2.2.

After an additional equilibration period, the rings were contracted with potassium 

chloride 40 mmol/1 to assess the viability o f the preparation.

In some o f the rings the endothelium or epithelium was removed by inserting the point of 

a pair o f watch-makers forceps into the lumen and gently rolling the vessel or bronchus 

on wet filter paper. Endothelial function was assessed in all artery and vein rings by
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observing the response to acetylcholine. After preliminary experiments to determine the 

optimum relaxant dose, pulmonary arteries were exposed to lO'"̂  mol/1 and veins to 10'^ 

mol/1 acetylcholine at a stable plateau o f the potassium contraction. Since bronchi do not 

relax in response to acetylcholine, they were exposed to bradykinin 10'^ mol/1 (Sigma) to 

determine epithelial function. Successful removal o f endothelium or epithelium was 

confirmed by observing no dilatation in response to acetylcholine or bradykinin 

respectively. Vessel rings and bronchi were washed again with fresh aerated Krebs Ringer 

solution and equilibrated for 30 minutes before exposure to further pharmacological 

stimulation.

All drugs used for pharmacological stimulation were dissolved in double distilled water. 

The pharmacological protocols and statistical analysis used for each section o f work is 

describes in the methods portion of each o f the subsequent chapters.

At the conclusion o f the experiment, all the rings were weighed.

Morphometry methodology:

To assess the effect o f age on pulmonary arterial, venous and bronchial smooth muscle, 

lung tissue was obtained from 4 newborn piglets, 3 late gestation (110 out o f 115 days 

gestation) fetal piglets, eight 3 day old, seven 14 day old and 6 adult pigs. The results 

from the fetal and newborn animals were identical and thus they were combined into one 

group entitled fetal/newbom.

To assess the effect o f hypoxic pulmonary hypertension on smooth muscle mass, 3 

pulmonary hypertensive groups were examined. Lung tissue was obtained from six 

piglets who had been subjected to hypobaric hypoxia (Fi02 0.096, 50.8 kPa) from age 1 

hour to 3 days o f age to induce neonatal hypoxic pulmonary hypertension. These were 

compared to lung tissue from the 3 day old normal piglets. Lung tissue was also obtained 

from five piglets who had been subjected to hypobaric hypoxia from 3 days to 6 days of 

age to induce later onset hypoxic pulmonary hypertension. These were compared to lung 

tissue from five 6 day old normal piglets.

Lung tissue was also obtained from six piglets who had been subjected to hypobaric 

hypoxia (Fi02 0.096, 50.8 kPa) from 3 days to 14 days o f age to assess the effect of
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longer duration hypoxic pulmonary hypertension. These were compared to lung tissue 

from the 14 day old normal piglets.

Immediately after death, a 1cm cube o f lung tissue was obtained from the lower lobe in 

the shaded area shown in Figure 2.1, which is also the same area used for obtaining 

pulmonary arteries, pulmonary veins and bronchi used for pharmacological analysis. The 

cube o f tissue was placed in 10% formol saline for 24 hours and then transferred to 70% 

alcohol for 1 week before processing and embedding in paraffin. 5pm sections were cut. 

The tissue was then immunostained for a  actin as a marker o f smooth muscle. An indirect 

immunoperoxidase method using anti a  actin monoclonal antibody (Sigma, Poole UK) 

was used as described previously (Perrin DG et al 1991). Briefly, before incubation with 

the primary antibody, the sections were first de-waxed and antigen unmasking was carried 

out by autoclaving at 121°C for 14 minutes in citrate acid buffer (2.1 g citric acid in 1 litre 

distilled water, pH adjusted to 6.0). Endogenous peroxidase was then blocked by 

incubation in 0.3% hydrogen peroxide in methanol and non-specific binding blocked by 

incubation with serum-free protein block (Dako Ltd., Cambridge, UK) sections were then 

incubated in lOOpl o f the primary antibody (a-actin (Sigma) diluted 1:3000 in phosphate 

buffered saline with 0.02% bovine serum albumin for 60 minutes, washed and then 

incubated in the second antibody (Amersham biotinylated sheep antimouse antibody)

1:200 in phosphate buffered saline for 30 minutes. Antibody binding was visualised using 

StrepABComplex horseradish peroxidase (Dako Ltd.) and diaminobenzidine. The 

sections were then stained with haematoxylin, dehydrated cleared and mounted in DPX 

mountant.

Images o f bronchi and accompanying pulmonary arteries, in addition to pulmonary veins 

were visualised using a Leitz microscope using the 2.5x, 4.0x and 6.3x lens, and then 

captured with a Zeiss AxioCam camera and the computer programme Axiovision (IBM). 

The images were then analysed using the programme OpenLab (Macintosh). 

Measurements were calibrated by entering into the computer the distance between lines 

on an engraved 0.01mm calibration slide. The smooth muscle area was measured in 

bronchi, pulmonary arteries and pulmonary veins. For the bronchi, individual smooth 

muscle bundles were measured and added together for each bronchus. The luminal
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perimeter, height and width was also measured. A minimum of 4 (4-9) bronchial and 

pulmonary arterial pairs were measured on each slide in addition to one or two pulmonary 

veins. Only airways, arteries and veins cut in near perfect cross section (diameter o f the 

shortest axis being at least two-thirds o f the diameter o f the longest axis) were included 

for smooth muscle analysis. To standardise the smooth muscle mass for airway and vessel 

size, the smooth muscle area was divided by the measured luminal circumference. To 

calculate the luminal diameter, the measured luminal width and height were added 

together and divided by two to give an average luminal diameter for the vessel or airway. 

Large (750-1800 pm) and small (180-720 pm) bronchi in addition to the adjacent large 

(500-1400 pm) and small (75-500 pm) pulmonary arteries were measured to see if  the 

smooth muscle changes occurred in both large and small diameter bronchi and vessels. A 

similar ratio o f large to small bronchi and pulmonary arteries was used in all groups (25- 

35% large to 65-75% small). The bronchial and accompanying pulmonary arterial 

measurements were recorded and analysed as pairs.

Technical Commentarv:

In previous studies on airway morphometry, bronchial smooth muscle mass was divided 

by the length o f the epithelial basement membrane in addition to luminal circumference, 

to exclude any changes in luminal circumference as a result o f altered epithelial thickness. 

However the two results were always very similar in the human biopsies and thus only 

luminal circumference was measured in this study.

Previously, because the measured luminal perimeter is not influenced by airway smooth 

muscle contraction or degree o f lung inflation, this luminal perimeter was used to 

calculate the diameter o f the airways studied using the formula diameter = luminal 

perimeter / n. In this study, the Openlab computer programme measured luminal width 

and height. Thus to calculate the luminal diameter in this study, the luminal width and 

height were added together and divided by two to give an average luminal diameter for 

the vessel or airway. As the luminal diameter was only being used as a check to ensure 

comparable vessels and airways were being measured in the three groups, the average 

diameter was felt to be sufficiently accurate for that purpose.
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Data Analysis:

Statistical analysis o f vessel and airway size and smooth muscle mass was performed 

using ANOVA and then the Student’s t test to compare the results from the 

Fetal/newbom, 3 day, adult and 0-3 day hypoxic pulmonary hypertension groups. The 

results o f the 3-14 day hypoxia animals were compared to the 14 day old control group. 

Regression analysis was also performed on the paired bronchial and pulmonary arterial 

results.

RESULTS

Preliminary studies: 

la  Animal weights

Animal weights o f the hypoxic pulmonary hypertension animals were slightly lower than, 

but not significantly different from the age matched normoxic controls (Table 2.1).

Equal numbers o f male and female animals were studied.

lb . Heart weight ratios of all the hypoxic pulmonary hypertension groups showed 

significant right ventricular hypertrophy and reduced left ventricular and septal weights to 

right ventricular weight ratios when compared to their age matched normoxic controls 

(Table 2.1). The heart weight ratios o f the pulmonary hypertensive animals remained 

more similar to the fetal heart weight ratios. Heart weights were not available on the 

adults.

2. Smooth muscle Morphometry

The sizes of the airways and vessels measured are shown in Table 2.3 & 2.4. The size 

ranges are comparable in the five younger age groups and were larger but not 

significantly different in the adults.

2a Effect o f Development:

The mean pulmonary arterial smooth muscle area for fetal/newbom, 3 and 14 day control, 

and adult animals was 66 + 13, 23.3 + 5.4, 45 + 12, and 48 + 26 mm^ respectively. The 

mean bronchial smooth muscle area for fetal/newbom, 3 day control, and adult animals 

was 30 + 4.3, 11 + 1.8, 20 + 4, and 3 2 + 1 2  mm^ respectively. The pulmonary arterial and
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bronchial smooth muscle area decreased significantly during the first 3 days after birth 

(p<0.001), remained low in the 14 day old animals, and then increased again in the adult 

animals (p<0.01). When the smooth muscle area was divided by the luminal 

circumference to standardize for airway and vessel size, similar significant decreases in 

bronchial and pulmonary arterial smooth muscle were seen after birth and both increased 

again in the adult animals. The smooth muscle changes were seen in both large and small 

bronchi and pulmonary arteries Table 2.3, Figure 2.4.

Age did not significantly affect pulmonary venous smooth muscle mass.

2b Effect o f pulmonary hvpertension:

During 0-3 hypoxic pulmonary hypertension, the mean pulmonary arterial smooth muscle 

area increased significantly, being 93.9 + 21 mm^ in the pulmonary hypertensive 

pulmonary arteries and 23.3 + 5.4 mm^ in the age matched 3 day control animals 

(p<0.001). In the pulmonary hypertensive bronchi, the mean smooth muscle area was 

increased two fold, being 24 + 3.5 compared to 11 + 1.8 mm^ in the 3 day normal control 

group (p<0.001). In the 3-14 day hypoxia animals, similar significant increases in mean 

bronchial and pulmonary arterial smooth muscle were seen, being 50 + 11 and 162 + 46 

mm^ in the pulmonary hypertensive bronchi and pulmonary arteries compared to 23 + 5 

and 5 5 + 1 5  mm^ in the 14 day control bronchi and pulmonary arteries, p=0.05.

When the smooth muscle area was divided by the luminal circumference to standardize 

for airway and vessel size, the pulmonary arterial and bronchi smooth muscle was 

increased twofold in both the hypoxic pulmonary hypertension groups compared to the 

age matched control animals p<0.0001 (see Table 2.4 and Lower Bar graph on Figure

2.2). The smooth muscle increases during pulmonary hypertension were seen in both 

large and small bronchi and pulmonary arteries (Table 2.4).

Effect o f timing and duration of hvpoxia:

The increased duration o f hypoxia between to 3-6 day hypoxia and the 3-14 day hypoxic 

pulmonary hypertension animals resulted in a significant increase in pulmonary arterial 

and bronchial smooth muscle (Figure 2.2, lower graph). The pulmonary arterial smooth 

muscle increased from 48 + 7 in the 3-6 day hypoxia animals, to 68 + 10 fxm^/jim luminal
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length in the 3-14 day hypoxia piglets, p=0.05. Similarly, the bronchial smooth muscle 

increased from 11.8 + 1 in the 3-6 day hypoxia animals, to 17.4 + 1.6 pm^/pm luminal 

length in the 3-14 day hypoxia piglets, p=0.01.

In the 3-6 day hypoxia pulmonary arterial smooth muscle, although still significantly 

increased compared to the 6 day control, it was significantly less than that seen in the 

neonatal pulmonary hypertension animals, being 70.9 + 7 in the 0-3 day hypoxia animals, 

and 48 + 7 pm^/pm luminal length in the 3-6 day hypoxia piglets, p=0.04. The bronchial 

smooth muscle however was not significantly different in the neonatal and later onset 3-6 

day hypoxia animals.

Pulmonary vein smooth muscle area did not change significantly during pulmonary 

hypertension (Table 2.4 and Figure 2.2). The total pulmonary vein smooth muscle area 

for the 3 day control, and 0-3 hypoxia animals was 46 + 15, and 48 + 9.2 mm^ 

respectively.

When regression analysis was performed on all the bronchial and pulmonary arterial 

paired results o f the 3 and 14 day old and 0-3 and 3-14 day hypoxic pulmonary 

hypertension groups, a significant correlation between the bronchial and pulmonary 

arterial smooth muscle area was seen (r=0.72, p<0.0001). See scatter plot (Figure 2.3). 

The scatter plot also shows that both bronchial and pulmonary arterial smooth muscle 

was increased during hypoxic pulmonary hypertension. The correlation between the 

bronchial and pulmonary arterial smooth muscle is also seen in Figures 2.4, 2.5, 2.6 and 

2.7 where examples o f paired bronchial and pulmonary arterial rings from newborn, 3 

day, 6 and 14 day old and adult controls and the three hypoxic pulmonary hypertensive 

groups are shown. The smooth muscle is stained brown.

Effect o f Development on Bronchial Cartilage:

The amount o f bronchial cartilage progressively increased in the animals with increasing 

age. The difference in the amount o f cartilage present was most marked between the 14 

day old and adult animals where the amount of cartilage per luminal length doubled from
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142 + 44)im^/|xm luminal length in the 14 day old animals to 308 + 55 |am^/)im luminal 

length in the adults, p-0.05. In the adult bronchial rings, 2 to 3 layers of cartilage were 

present, whereas in the younger animals only 0 to 1.5 layers were present.

The bronchial smooth muscle only accounted for approximately 10% of the bronchial ring 

mass in the adults and was closer to 20% in the younger animals.

DISCUSSION

Morphometric smooth muscle changes during development.

In this study, reduced pulmonary arterial and bronchial smooth muscle was seen in the 3 

day control pigs compared to the fetal/newbom group, suggesting a reduction in smooth 

muscle with adaptation to extrauterine life. The reduction in pulmonary arterial smooth 

muscle with adaptation to extrauterine life has been previously described in the pig and 

the human (Haworth/Hislop, 1983; Haworth/Hislop, 1981) These authors also found that 

pulmonary vein muscle thickness was low throughout childhood (Haworth, 1983), which 

is similar to this porcine study where pulmonary vein smooth muscle also did not change 

with age. In our study pulmonary arterial smooth muscle area decreased between birth 

and 3 days o f age, then stayed low in the 14 day old animals and increased again in the 

adult animals. This suggests that in the first few weeks after birth, smooth muscle mass is 

reduced to facilitate the reduction in pulmonary vascular resistance and relaxation o f the 

pulmonary arteries. Perhaps in the older animals this is no longer required as there are 

more alveoli and a larger alveolar capillary area, which would help to maintain a low 

pulmonary vascular resistance. In the postnatal period, the number o f alveoli increases 

rapidly until the age o f 3 years in humans, markedly increasing the alveolar capillary 

surface during that time (Piedboeuf, 2001).

In the previous porcine developmental study, (Haworth, 1981) the increase in pulmonary 

arterial smooth muscle in adults was not seen, however only young pigs up to 6 months of 

age were examined. This increase may occur only in older animals and more particularly 

in larger pulmonary arteries.

The bronchial smooth muscle morphometry paralleled the pulmonary arterial changes, 

with a reduction between birth and 3 days of age and then increasing again in the adults.
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Morphometric changes in the bronchial smooth muscle during maturation have not been 

previously reported in the newborn and 3 day old age pigs. Hi slop/Haworth (1989) 

examined airways from 17 normal infants from 22 week gestation to 8 months postnatal 

age, plus 3 young adults. The amount o f bronchial smooth muscle relative to airway size 

(perimeter) increased with age in all types o f airways, and the relative amount present in 

the bronchi at 8 months o f age was not significantly different from that seen in the adult. 

An earlier study using a different technique showed considerable variation in the amount 

of bronchial muscle during childhood, but the mean value was less than that seen in adult 

life (Matsuba, 1972). Murphy (1991) examined airway morphometry in 2 week old and 

10 week old swine. They found that the relative cross-sectional area o f smooth muscle for 

each airway generation did not change with age, however the contractile force generated 

to potassium, histamine and carbachol was 25-100% greater in the 2 week old compared 

to the 10 week old pigs. They concluded that there was a functional down regulation of 

contractile forces in the maturing swine, which was independent o f smooth muscle 

receptor distribution and is not related to morphological changes in airway muscle mass, 

or tissue content o f functional myosine isoform. Thus there is considerable discrepancy in 

the reported developmental changes in bronchial smooth muscle, and further 

investigation is needed in this area.

Morphometric smooth muscle changes during pulmonarv hvpertension.

In this study, a two fold increase in bronchial and pulmonary arterial smooth muscle was 

seen during pulmonary hypertension. This is similar to infants with persistent pulmonary 

hypertension where the bronchial and vascular smooth muscle area was also increased 

two fold when compared to lung tissue from six infants o f similar age and weight with no 

underlying cardiac or pulmonary disease (Chapter 1). In children with pulmonary 

hypertension due to congenital heart disease, the bronchial smooth muscle was increased 

68% in the pulmonary hypertensive group (Schindler, 1995). In the infants with persistent 

pulmonary hypertension o f the newborn, there was also a significant correlation between 

the amount o f bronchial and vascular smooth muscle in each adjacent bronchi and artery 

measured, where patients with more marked bronchial smooth muscle hypertrophy also
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had greater pulmonary vascular smooth muscle increases (r= 0.78, p<0.05, chapter 1). 

Thus, the morphometry results from the porcine pulmonary hypertensive model are 

similar to those seen in lung biopsies of humans with pulmonary hypertension indicating 

that the porcine model appears to be a good model, producing similar changes to those 

seen in the human.

The morphometric changes in the pulmonary artery during pulmonary hypertension, with 

increased pulmonary arterial smooth muscle thickness and extension o f the muscle into 

the smaller pulmonary arteries, is well documented in the literature (Haworth/Hislop,

1982 [pig]; Rabinovitch, 1984 [children]; Murphy, 1981 [human infants]) and agree with 

the findings of this study. The parallel changes seen in the bronchi during pulmonary 

hypertension have only been previously studied by Schindler (1995). However, Hislop 

(Hislop/Haworth, 1989) did find that premature infants who required artificial ventilation 

for respiratory distress syndrome (which is often associated with pulmonary hypertension 

and increased vascular smooth muscle [Hislop, 1990]) showed a greater increase in 

bronchial smooth muscle than non-ventilated neonates of a similar age. Similarly, in 

children with severe bronchopulmonary dysplasia in whom the pulmonary vascular 

resistance was found to be elevated at cardiac catheterisation, and who subsequently died 

from pulmonary hypertension, morphometric studies also showed increased thickness of 

bronchial muscle (Bush, 1990). In addition, in lung biopsies from adolescents with mitral 

stenosis and pulmonary hypertension, both bronchial and pulmonary arterial smooth 

muscle was increased (Haworth, 1988).

Earlier onset o f hypoxia (0-3 day hypoxia) and more prolonged exposure to hypoxia (3-14 

day hypoxia) resulted in more marked pulmonary arterial smooth muscle increases, and 

suggests more severe pulmonary hypertension in these animals. Rabinovitch (1984) found 

that the severity o f pulmonary arterial smooth muscle increase seen on lung biopsies of 

children with pulmonary hypertension due to congenital heart disease correlated with the 

mean pulmonary arterial pressure measured post-operatively. Higher pulmonary arterial 

pressures were observed in the children with more increased pulmonary arterial medial 

wall thickness.



70

The effect o f hypoxic pulmonary hypertension on pulmonary vein morphometry has not 

been previously reported. In this study we found the veins were not significantly changed.

Thus there appears to be co-hypertrophy o f bronchial and pulmonary arterial smooth 

muscle during pulmonary hypertension. Anatomically, the pulmonary arteries and the 

bronchi lie in close proximity to each other. Thus it is conceivable that a mediator or 

neurotransmitter released locally may act on both vascular and bronchial smooth muscle 

to produce co-hypertrophy and co-constriction o f the bronchial and vascular smooth 

muscle. The pulmonary veins usually run separately from the bronchi and arteries and 

thus may be much less affected.

Embryologically, human pulmonary arterial smooth muscle cells appear to derive from the 

bronchial smooth muscle cells of the adjacent airways between 38 to 98 days gestation 

(Hall, 2000). The pulmonary vein smooth muscle cells, however, derived directly from the 

mesenchyme surrounding the terminal bud by 34 days gestation (Hall, 2002). The 

pulmonary artery at this stage is small and thick walled, running with the airway but its 

branching is slower, so many peripheral airways are not yet accompanied by a pulmonary 

artery. By contrast, the pulmonary vein has a peripheral patent network well before the 

pulmonary artery (deMello, 2000). This different origin and earlier embryology may also 

contribute to the different morphometric pattern o f the pulmonary arteries and veins, and 

also the closeness of the pulmonary arteries and bronchi.

Possible mechanisms for the co-hypertrophy of the bronchial and pulmonary arterial 

smooth muscle in pulmonary hypertension include Endothelin-1, which is increased in 

pulmonary hypertension. The morphometric changes seen in the pulmonary arteries were 

inhibited in a canine model o f chronic embolic pulmonary hypertension when the animals 

were pre-treated with bosentan, an Endothelin-1 antagonist (Kim, 2000). Interestingly, 

nitric oxide synthase deficiency enhanced pulmonary vascular remodelling and 

pulmonary hypertension in mice exposed to chronic hypoxia (Strudel, 1998). Thus the 

changes may be due to reduced normal inhibitors o f mitogenesis in addition to increased 

mitogens.
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As Endothelin-1 is also a potent broncho and vasoconstrictor, the effect o f Endothelin on 

airway and vascular responses during development and during pulmonary hypertension 

will be investigated in the next two chapters to see if  changes in Endothelin responses 

may also explain the increased airway resistance observed during pulmonary hypertension 

episodes in human infants in Chapter 1.
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Table 2.1

Animal weights and heart weights o f  the hypoxic pulmonary hypertensive animals compared with the age 
matched normoxic controls o f  animals used for subsequent pharmacology. LV+S =  Left ventricle +  septal 
weight, RV = Right ventricular weight * = p<0.003 when compared to age matched controls, indicating 
significant RV hypertrophy in the pulmonary hypertensive animals. Values are mean +  SE

Animal Weight Male/Female
(kg) Ratio

Fetal/Newborn 1.1 ± 0 .2 1:1
3 day 1.6 + 0.1 1:1
6 day 2.4 ±0 .3 1:1
14 day 3.9 ± 0 .5 1:1.3
0-3 Hypoxia 1.3±0.1 1:1
3-6 Hypoxia 2.2 ± 0 .2 1.2:1
3-14 Hypoxia 2.9 ± 0 .3 1:1

LV + S RV Heart weight ratio
(Gm) (Gm) LV+S / RV

Fetal/Newborn 4.2 ± 0.3 2.6 ± 0.1 1.63 ±0.1
3 day 7.2 ± 0 .5 3.6 ± 0 .2 2.01 ±0.1
6 day 11 ± 1.4 4.3 ± 0 .6 2.58 ± 0 .2
14 day 18 ±2.1 5.4 ± 0 .6 3 .10±0.1
0-3 Hypoxia 5.2 ± 0 .4 3.4 ± 0 .2 1.52 ±0.1  *
3-6 Hypoxia 7.8 ± 0 .9 4.5 ± 0.5 1.71 ± 0 .3  *
3-14 Hypoxia 13 ± 1.3 7.8 ± 0 .9 1.76 ±0.1  *
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Table 2.2 Optimum resting tensions for the different study groups, established by repeated exposure to 
KCL 40  mmol/1 at various tensions to determine the tension which produced the maximum contractile 
response to potassium chloride. Values are mean + SE

Fetal/Newborn 

3 day 

6 day 

14 day 

Adult

Pulmonary
Artery

1.1 ±0.03 

0.75 ± 0.03 

0.70 ± 0.02 

0.75 ± 0.04 

1.0 +0.04

Optimum Resting Tension (gm) 

Bronchi

0.8 ± 0.03 

0.7 ± 0.02 

0.7 ± 0.03 

0.8 ± 0.04 

0.9 + 0.04

Pulmonary
Vein

0.28 ± 0.02 

0.28 ±0.01 

0.25 ± 0.02 

0.30 ±0 .02

0.35 + 0.02

0-3 Hypoxia 

3-6 Hypoxia

3-14 Hypoxia

1.25 ±0.03

1.25 ±0.03 

1.30 + 0.04

0.8 ±0.03 

0.8 ± 0.02 

0.9 + 0.03

0.3 ± 0.02 

0.3 ±0.01 

0.3 + 0.02
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Table 2.3 The smooth muscle area is significantly increased in both large and small pulmonary arteries 
(PA) and bronchi (Br) in the Fetal/Newborn and adult animals compared to the 3 day old animals. The 
diameters (diam) o f  the structures measured were not significantly different in the 4 age groups.
Smooth M uscle Area = pmVpm luminal surface (mean + SE)
*= statistically significant when compared to the 3 day control group.

Fetal/New born
n=7

3 Day
n=8

14 day
n=7

A dult
n=6

PA <500fj,m diam 
Size median (range) 219(119-435) 174(84-400) 176(120-450) 194(100-405)

PA <500jam diam 
Smooth Muscle Area 48 ± 3 .2  * 27 ± 3 .6 1 9 ± 2 3 0 ± 5  *

PA >500jam diam 
Size median (range) 530(500-811) 607(524-861) 700(500-918) 813(656-1100)

PA >500jam diam 
Smooth Muscle Area 107+ 16  * 57 ± 15 66 + 6 120 ± 2 0 *

B r <750jam diam 
Size median (range) 502(278-719) 383(238-696) 387(203-522) 429(180-600)

B r <750jam diam 
Smooth Muscle Area 1 1 ± 1 .3 * 4.2 ± 0 .3 7.3 ±0 .5 7.7 ± 1 .6 *

B r >750jam diam 
Size median (range) 803(750-1507) 880(756-1200) 865(750-1600) 959(800-1600)

B r >750jam diam 
Smooth Muscle Area 16±2 .1  * 9.7 ± 1 .9 12.3 ± 1 .7 2 5 ± 5 .1  *

Pulm onary Vein
Size median (range) 534(194-893) 447(146-1388) 800(675-1500) 591(222-1200)

Pulm onary Vein
Smooth Muscle Area 35 ± 3 .7 27 ± 2 .4 45 ± 7 3 9 ±  14
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Table 2.4 The smooth muscle area is significantly increased in both large and small pulmonary arteries 
(PA) and bronchi (Br) in the 0-3 and 3-14 day hypoxic pulmonary hypertension animals compared to the 
age matched control animals. The diameters (diam) o f  the structures measured were not significantly  
different in the 4 groups.
Smooth M uscle Area = pmVpm luminal surface (mean + SE)
*= statistically significant when compared to the 3 day control group.
#=  statistically significant when compared to the 14 day control group.

0-3 day 
Hypoxia

n=6

3 day

n=8

14 day

n=7

3-14 day 
H ypoxia

n=6

PA <500pm diam 
Size median (range) 230(74-473) 174(84-400) 176(120-450) 250(100-460)

PA <500pm diam 
Smooth Muscle Area 6 1 ± 6 * 27 + 3.6 1 9 ± 2 33 ± 2 #

PA >500pm diam 
Size median (range) 716(538-1105) 607(524-861) 700(500-918) 850(700-1400)

PA >500pm diam 
Smooth Muscle Area 143 ± 2 6 * 57 + 15 66 ±  6 1 3 9 ± 1 6 #

B r <750pm diam 
Size median (range) 417(186-723) 383(238-696) 387(203-522) 372(160-727)

B r <750pm diam 
Smooth Muscle Area 9.5 ± 0.6 * 4.2 ±0.3 7.3 ±0 .5 12 ± 0 . 5 #

B r >750pm diam 
Size median (range) 788(765-1430) 880(756-1200) 865(750-1600) 990(750-1693)

B r >750pm diam 
Smooth Muscle Area 16 + 1.4* 9.7 ±1 .9 12.3 ±1 .7 28 ± 2 #

Pulm onary Vein
Size median (range) 656(313-965) 447(146-1388) 800(675-1500) 980(500-1800)

Pulm onary Vein
Smooth Muscle Area 30.6 + 3.8 27 ±2 .4 45 ± 7 46 ±  6



76

Figure 2.1
Diagram of Porcine Lower Lobe of Lung: The gray shaded area is the area from w hich the 
pulmonary arteries, bronchi and pulmonary veins were dissected for the organ bath pharmacology. 
The bronchi directly over-lie and follow  the pulmonary arteries.

The cube o f  tissue for the morphometry studies was also taken from this area.

Area of lower lobe 
dissected and studied

__Pulmonary vein

Bronchi anterior,
Pulmonary arteries posterior

Cross-sectional view of beginning of study area

Pulmonary vein

Bronchu
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Figure 2.2
Upper bar graph: Total (large and sm all) bronchial and pulmonary arterial sm ooth m uscle is 
significantly increased in the Fetal/N ew bom  and adult animals compared to 3 and 14 day olds.
A ge did not significantly affect pulmonary venous sm ooth m uscle.
Lower bar graph: Total (large and sm all) bronchial and pulmonary arterial sm ooth m uscle is 
significantly increased in the hypoxic pulmonary hypertensive animals compared to the age matched 
controls. Pulmonary hypertension did not affect pulmonary venous sm ooth m uscle. * p<0.05 when  
compared to the 3 day old pigs; *  p<0.05 compared to 6 day; #  p<0.05 compared to 14 day (M ean ±  SE)
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Figure 2.3
Scatter plot to show  relationship betw een bronchial and vascular sm ooth m uscle when paired bronchial 
and pulmonary arterial measurements o f  the 0-3 day and 3-14 day hypoxic pulmonary hypertension (PAH) 
and the 3 and 14 day control (Control) groups are graphed. Both bronchial and pulmonary arterial sm ooth  
m uscle was increased during pulmonary hypertension. There was a statistically significant relationship 
betw een bronchial and pulmonary arterial sm ooth m uscle, r=0.72, p<0.001.
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Figure 2.4
Photomicrograph o f a bronchus and pulmonary artery from a newborn, 3 day old 
and adult pig, showing increased smooth muscle area in the newborn bronchi and 
pulmonary arteries. PA = Pulmonary artery, Br = Bronchus, SM = smooth muscle

Cartilage

Adult

Mr-'^dvéïîtitia



80

Figure 2.5
Photomicrograph of a bronchus and pulmonary artery from a 0-3 day hypoxic pulmonary 
hypertensive and a 3 day old piglet showing increased bronchial and pulmonary arterial 
smooth muscle area in the hypoxic animals. PA= pulmonary artery,
Br = Bronchus, SM = smooth muscle

K
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Figure 2.6
Photomicrograph o f a bronchus and pulmonary artery from a 3-6 day hypoxic pulmonary 
hypertensive and a 6 day old piglet showing increased bronchial and pulmonary 
arterial smooth muscle area in the hypoxic animals. PA= pulmonary artery,
Br = Bronchus, SM = smooth muscle
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Figure 2.7
Photomicrograph o f a bronchus and pulmonary artery from a 3-14 day hypoxic pulmonary 
hypertensive and a 14 day old control piglet showing increased bronchial and pulmonary 
arterial smooth muscle area in the hypoxic animals. PA= pulmonary artery,
Br = Bronchus, SM = smooth muscle
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Chapter 3 

Postnatal changes in response to Endothelin-1 in porcine pulmonary 
arteries, veins and bronchi.

INTRODUCTION

Endothelin-1 (ET-1) is a vasopeptide produced by the vascular endothelium that causes 

potent and sustained vasoconstriction, bronchoconstriction and has mitogenic activity on 

vascular smooth muscle cells (Raffestin, 1991; White, 1991; Bobik, 1990). 

Vasoconstriction follows binding to ET-A and ET-B2 receptors. ET-Bl receptors produce 

vasodilatation (Perreault, 1995). There are a number o f animal and human studies 

suggesting a role for Endothelin-1 in in-utero raised pulmonary arterial tone and 

adaptation to extra-uterine life (Endo, 1996;Levy, 1995; Ivy, 1996; Giaid, 1991). Endo 

found plasma Endothelin-1 concentrations to be three fold higher at birth compared to 5 or 

30 days of age in healthy human neonates. Changes in the response to Endothelin-1 with 

increasing age have previously been observed in the pulmonary arteries (Levy, 1995 [pig]; 

Docherty, 1998[rabbit]), however the effect of age on Endothelin-1 responses in the 

pulmonary veins and airways have not been previously studied. In humans there is 

evidence that similar structural changes occur in the bronchi as in the pulmonary arteries 

in pulmonary hypertension (Schindler, 1995) and in bronchial hyperresponsiveness 

(Cases, 1996). Hence it is possible that there are similar changes in the airways with 

development. The aim o f this study was to examine the effect o f development on 

Endothelin-1 responses in porcine pulmonary arteries, pulmonary veins, and bronchi in 

fetal, newborn, 24h, 3, 7, 14 day and adult age groups.

METHODS

To evaluate the effect o f development on Endothelin-1 responses. Large White pigs were 

studied at 7 ages: fetal, newborn (<5minutes o f age), 24 hours, 3, 6-7 and 14 days and
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adult. The fetal pigs were 110 days gestation (5 days preterm) and the adult tissue was 

obtained from a local abattoir. At least 6 animals were studied in each group.

The porcine developmental model and the basic pharmacology methodology is described 

in Chapter 2.

The protocols used in this chapter were:

1) Preliminary studies: KCL 40mmol/l, Acetylcholine and Bradvkinin responses 

The protocol for the preliminary studies is describes in Chapter 2.

Mechanisms o f the bradykinin induced bronchorelaxation were also examined. Separate 

bronchi were pre-incubated for 20 minutes with the nitric oxide synthase inhibitor L- 

NMMA IC'^ mol/1, or the cyclooxygenase inhibitor indomethacin 10'^ mol/1 or the 

bradykinin B2 receptor antagonist HOE 140 10'^ mol/1 before preconstricting them with 

KCL 40 mmol/1 and adding bradykinin 10’̂  mol/1. Maximum relaxation was determined 

at the conclusion o f the experiment by using papavarine lO""* mol/1 and the bradykinin 

relaxations were expressed as a percentage of the papavarine response.

2a) A cumulative contractile dose response curve to Endothelin-UET-1) (Sigma 

Chemical Co. Dorset UK) was performed in the arteries, veins and bronchi at baseline 

resting tension. The lowest concentration was 10'*  ̂mol/1 and the next dose was only 

added after more than 3 minutes of stable tension, up to a maximum of 10'^^^ mol/1 ET-1 

2b) Effect o f Endothelin-1 receptor blockade and removal of epi and endothelium on 

contractile response:

Other rings from the same animals were rubbed to remove the endo and epithelium, or 

pre-incubated for 20 minutes with either the Endothelin-A receptor blocker BQ123 10'^ 

mol/1 or the Endothelin-B receptor antagonist BQ788 10'^ mol/1 (Sigma), before 

performing the Endothelin-1 cumulative dose response study from baseline tension to 

determine the relative contributions o f the Endothelin receptor populations and the effect 

o f the endothelium / epithelium on the contraction.

3a) Endothelin-1 relaxation response:

A separate experiment was then performed to assess the relaxant response to Endothelin-

1. The baseline tone of the pulmonary arteries, veins and bronchi was elevated using KCl 

20 mmol/1 to approximately 50% of the 40mmol KCL contraction o f that ring. An
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Endothelin-1 cumulative dose response curve was then performed from 10'*^ mol/1 to 10'^ 

mol/1 ET-1. Maximum relaxation was determined at the conclusion o f the experiment by 

using papavarine lO'"̂  mol/1 and the ET-1 relaxations were expressed as a percentage o f 

the papavarine response.

3b) Effect o f Endothelin-1 receptor blockade and removal o f epi and endothelium on 

relaxant response:

In order to determine the relative contributions o f the Endothelin receptor populations and 

the endothelium / epithelium to the relaxation, other pulmonary arterial and vein rings 

from the same animals were rubbed or pretreated for 20 minutes with endothelin receptor 

antagonist BQ123 10'^ mol/1 or BQ788 10'^ mol/1 before precontracting them with KCL 

20mmol/l. Nitric oxide synthase inhibitor L-NMMA IC^ mol/1 (Alexis corporation. 

Nottingham UK) was used to determine if  the relaxation was due to release o f nitric 

oxide. Indomethacin 10'^ mol/1 (Sigma) was used to assess involvement of 

cyclooxygenase metabolites.

Data analvsis:

The effect o f age on Endothelin-1 induced contraction in the arteries, veins and bronchi 

was initially determined using ANOVA to compare the responses at ET-1 10'^’̂  ̂mol/1. 

The effect o f age was then further assessed using a general linear model with repeated 

measures comparing fetal with adult, and newborn with 3 day responses in the bronchi, 

pulmonary arteries and veins. The effect o f age on non receptor mediated contraction was 

determined using ANOVA to compare Potassium chloride 40mmol/l responses at the 

different ages. The effect of age on Endothelin-1, acetylcholine and bradykinin induced 

relaxation was performed using ANOVA at the concentration producing maximal 

relaxation. The effect o f removal o f the endothelium or epithelium and of the Endothelin 

receptor blockers BQ123 and BQ788 was analysed using the un-paired Student’s t-test, 

comparing test to control rings in each animal at the concentrations producing maximal 

responses.
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RESULTS

Preliminary Studies

la. The Potassium chloride 40 mmol/1 induced contractile response.

When potassium chloride contractile response was expressed as gm tension, age did have a 

significant effect on contractility in arteries, veins and bronchi with contractility increasing 

with increasing age and weight (Table 3.1). However, when expressed as gm tension per mg 

weight, the potassium chloride 40 mmol/1 induced contractile response o f the pulmonary 

arteries and veins did not change significantly with increasing age, but the response of the 

bronchi decreased (Table 3.1). When the adult bronchi were eliminated firom the analysis, 

then age no longer had a significant effect on the potassium contraction in the remaining 5 

age groups. Thus it was felt that standardising subsequent contractile response to the KCL 

response was justified. In the pulmonary arteries, potassium contractility was initially higher 

in the fetal/ newborn animals, then decreased in the 3 and 6-7 day olds and increased again 

in the older animals, but this difference was not significant. The contractile response of the 

pulmonary veins was two fold greater than that o f the pulmonary arteries (0.23 ± 0.02 

gm/mg in pulmonary arteries Vs 0.48 + 0.05 gm/mg in the veins when all ages are grouped 

p<0.001). The bronchial response was less than the pulmonary arterial response (0.17 +

0.01 gm/mg compared to 0.23 + 0.02 in the pulmonary arteries p=0.007). 

lb. Acetylcholine relaxant responses of the pulmonary arteries were changed significantly 

with age, with the responses being low in the fetal animals and reducing further in the 

newborns and then increasing in the 24h, 3, 7, and 14 day old animals and then decreasing 

again in the adult animals. (Table 3.1) In the veins, the acetylcholine relaxant response was 

greater than that seen in the arteries and it also occurred at lower concentrations of 

acetylcholine (10'^ mol/1). Acetylcholine 10'^ mol/1 produced a contractile response in the 

pulmonary veins. The response to acetylcholine in the veins was significantly less in the 

adult compared to the younger animals. (Table 3.1)

Ic. Response to bradvkinin was used to assess epithelial function in the bronchi. Bradykinin 

10'^ mol/1 produced an epithelium dependent relaxation in all animals except the adults. In 

the adults, bradykinin had little effect in the intact bronchial rings and rubbing the
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epithelium increased the bradykinin contractile response (Table 3.1). The Bradykinin 

bronchial response was lower in the fetal and newborn animals, then increased in the 3 and 

7 day olds and reached a maximum in the 14 day old animals, before markedly decreasing 

again in the adults (Table 3.1). The bradykinin 10'^ mol/1 response was significantly less in 

the fetal/ newborn animals (14.5 + 2 % papavarine) compared to the 3, 7 and 14 day old 

animals (30 + 4% papavarine), p=0.05. The bradykinin bronchial response was epithelium 

dependent and was abolished by indomethacin and the bradykinin B2 receptor antagonist 

HOE 140, but was unaffected by nitric oxide synthase inhibition (Table 3.2).

Responses to Endothelin 

2a. Contractile responses:

A dose dependant contractile response to Endothelin-1 was seen in all age groups in the 

pulmonary arteries, veins and bronchi.

In the pulmonary arteries the response to Endothelin-1 decreased with age at all 

concentrations when expressed as a percentage o f the potassium response (p<0.001). The 

fetal and newborn contractile responses were two times greater than that of the adult 

(Figures 3.1 & 3.2), and 2-3 times greater than the 3 day old responses (Figure 3.3)

As in the pulmonary arteries, age had a significant effect on Endothelin-1 contraction in the 

pulmonary veins, p=0.001, with the fetal contractile response being twice that o f the adult 

group (Figure 3.2). However, the sudden decrease in Endothelin-1 contractile response 

between newborn and 3 day old animals seen in the pulmonary arteries and bronchi did not 

occur in the pulmonary veins. The newborn pulmonary vein contractile response was not 

significantly different from that o f the 3 day old animals (Figure 3.3).

The bronchi contracted less to Endothelin-1 than the pulmonary arteries (29 ± 4 %  KCL Vs 

114 + 11% in the pulmonary arteries at ET 10'^ ̂  ̂mol/1, p<0.001 when all ages are 

grouped). The dose response curve was also different from that in both the pulmonary 

arteries and veins in that responses were usually only seen at higher concentrations greater 

than or equal to Endothelin-1 10'^ mol/1. Although the contractile response of the bronchi to 

potassium chloride decreased with increasing age (Table 3.1), the Endothelin-1 response 

was still expressed as a percentage of the potassium response and the fetal bronchial
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3.2). There was a similar rapid decrease in Endothelin-1 contractile response between birth 

and 3 days o f age, as was seen in the pulmonary arteries (Figure 3.3, p<0.001).

Removal o f the endothelium significantly increased the contractile response to 

Endothelin-1 in the pulmonary arteries at all ages except in the fetal, newborn and adult 

animals (Figure 3.4). Similarly, in the veins, endothelial removal significantly increased 

the contractile response in the 3, 6 and 14 day old animals, but did not reach statistical 

significance in the fetal, newborn and adult veins (Figure 3.5).

The effect o f adding the Endothelin-B receptor blocker BQ788 generally mirrored the 

response to removal of the endothelium in the arteries and veins. In the pulmonary 

arteries and veins, there was no significant effect o f BQ788 on Endothelin-1 contractile 

response in the adult and fetal /newborn animals, where as at all other ages it significantly 

increased the contractile response (Figures 3.4 & 3.5)

In the bronchi, removal o f the epithelium significantly increased the contractile response 

only in the 6 day and 14 day old animals (Figure 3.6). BQ788 had no significant effect on 

the contractile responses o f the bronchi.

The addition of the Endothelin-A receptor blocker BQ123 attenuated the contractile 

response to Endothelin-1 in the pulmonary arteries at all ages but only reached statistical 

significance in the fetal and newborn animals (Figure 3.4). BQ123 reduced the contractile 

responses to a similar degree in the veins at all ages, but only reached statistical significance 

when all the age groups were pooled together (Endothelin-1 10'^ mol/1 plus BQ123 was 92 

+ 10 % KCL 40 mmoFl response Vs 120 + 15 % without BQ123, p= 0.03 for the pooled 

data). There was no significant effect of BQ123 on the bronchial responses at any age 

(Figure 3.6).

3a. Endothelin relaxation responses:

When a relaxant response could be demonstrated in either the pulmonary arteries or vein 

rings the response to Endothelin-1 was biphasic, an initial relaxation being followed by a 

contraction at each concentration increment. (Figure 3.7) In the pulmonary arteries, the
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relaxation response began at Endothelin-1 10'̂ ® mol/1 and became maximal at 10'^^ mol/1 

and was on average between 10-20% of the maximum relaxation produced by papavarine 

10'^ mol/1. At higher concentrations o f Endothelin-1 only a contractile response was seen. 

Age had a significant effect on the Endothelin-1 relaxant response in the pulmonary 

arteries. Endothelin-1 failed to relax the fetal and newborn animals, but did relax those 

from the 24 hour old animals. The relaxation response persisted at 3, 7 and 14 days but 

appeared slightly reduced in the adults (7 ± 2.6 % in adults compared to 18 + 2.4 % o f the 

Papavarine at Endothelin-1 10'*^ mol/1 in the 1,3,7 and 14 day olds, p=0.05). (Figure 3.8) 

In the veins the relaxant response was present at lower Endothelin-1 concentrations 

compared to the arteries, being maximally present at Endothelin-1 10'^  ̂moEl. (Figure 3.8 

lower graph) At higher doses the contractile response again became dominant. The 

Endothelin-1 relaxant response was present at all ages in the veins. There was no significant 

effect o f age on the relaxant response in the veins, even when the relaxation responses o f the 

fetal, newborn and adult groups were compared to those of the 3, 7 and 14 day olds. There 

was no Endothelin-1 relaxant response seen in the bronchi precontracted with KCL 20 

mmol/1 but the Endothelin-1 contractile response was increased 10 fold (1.3 + 0.5 % KCL 

40mmol/l response to Endothelin-1 10'^ mol/1 from baseline resting tension Vs 15 + 4% 

when precontracted with KCL 20 mmol/1 in the 6-7 day old animals p<0.001).

The Endothelin-1 relaxation response in the arteries and veins was abolished by the 

addition of the Endothelin-B receptor blocker BQ788, confirming it was Endothelin-B 

receptor mediated. The relaxation was also absent following removal of the endothelium 

indicating that it is endothelium dependent, and it was blocked by L-NMMA, suggesting 

the relaxation was due to release of nitric oxide from the endothelium (Table 3.3). The 

addition o f BQ123 significantly increase the Endothelin-B relaxation in the arteries, except 

the fetal and newborn pulmonary arteries where no relaxation was seen even after the 

addition of BQ123 (Table 3.3). Indomethacin had no significant effect on the Endothelin-1 

relaxation.
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DISCUSSION

This study provides further evidence for the role of Endothelin in the adaptation to extra- 

uterine life. Endothelin-1 responses change with age in the pulmonary arteries, veins and 

bronchi. The pulmonary arteries were most affected in that the changes affected both 

contractile and relaxant pathways, however Endothelin-1 contractile responses in the 

pulmonary veins and bronchi were also affected.

Non-receptor mediated Potassium Chloride contractile response:

We found no significant effect o f age on non-receptor mediated potassium chloride 

contraction when the potassium response was divided by the weight of the ring to 

standardise for tissue mass in the pulmonary arteries and veins. In studies on pulmonary 

arteries and veins Arrigoni (1999) found an effect of age, with the smallest contraction seen 

in the fetal and the largest contraction occurring in the adult pigs. However the values were 

not standardised for weight and hence a greater contractile response was seen in the adult 

animals compared to the smaller fetal pigs. There was however a trend toward reduced 

contractile response in the 3 and 7 day old animals compared to the fetal/ newborn and adult 

animals in our study. The potassium response mirrored the changes in pulmonary arterial 

smooth muscle with age, where a decrease was also seen in the 3 and 14 day old animals 

(Chapter 2). In the bronchi, there was a decreased potassium response in the adult bronchi 

and this may have been due to altered tissue composition in the adults. The adult bronchi 

had double the amount o f cartilage per luminal length than the 14 day old animals (Chapter

2). Also the bronchial smooth muscle only accounted for approximately 10% of the 

bronchial ring mass in the adults and was closer to 20% in the younger animals (Chapter 2). 

As the potassium response is standardised to the weight o f the bronchial ring, the increased 

weight and proportion o f cartilage may account for the decreased potassium response per 

mg bronchial tissue. However the potassium responses in all the younger animals were not 

significantly different. Thus when the Endothelin-1 response was divided by the potassium 

response the comparison is valid in the younger animals and would have underestimated 

any differences in the adults.
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Acetylcholine Relaxant Response:

Acetylcholine relaxant responses were reduced in the fetal and were least in the newborns 

before increasing at 24 hours o f age, remaining high in the 3,7 and 14 day old animals and 

reducing again in the adults. This reduction in acetylcholine relaxant responses in the 

newborn has also been observed by others [Arrigoni, 1999 (pig); Docherty, 1998 (Rabbit)] 

and correlates well with the increased nitric oxide synthase activity seen after birth 

(Arrigoni, 1999).

Bradvkinin Relaxant Response:

In the airways, acetylcholine produces a contractile response and hence Bradykinin was 

used as it produces a largely epithelium dependent relaxation in the bronchi in the younger 

animals and in the adults, either a small relaxation or a small contraction was seen with the 

epithelium intact and an increased contractile response was seen in the epithelium denuded 

preparations. The Bradykinin relaxant response was blocked by indomethacin, and was 

unaffected by Nitric Oxide synthase inhibitor L-NMMA (Table 3.3). This bradykinin 

induced bronchial relaxation due to the release of relaxant prostanoids from the epithelium 

has been previously observed although the effect of age on this response has not been 

previously studied (Frossard/ Barnes, 1998; Molimard, 1998).

Endothelin-1 Contractile Response:

We found that Endothelin-1 had a significantly greater contractile effect in the fetal and 

newborn animals compared to the older animals in the pulmonary arteries, pulmonary veins 

and bronchi. The Endothelin-A receptor blocker BQ123 had the greatest effect in the fetal 

and newborn pulmonary arteries. This suggests that Endothelin A responses were increased 

in the fetal and newborn animals. Endothelin A receptor antagonist BQ123 augmented and 

prolonged the peak vasodilator response during ductus arteriosus compression in late- 

gestation ovine fetus, suggesting Endothelin-1 activity modulates acute and prolonged 

responses o f the fetal pulmonary circulation to changes in vascular pressure, and contributes 

to regulation and maintenance of high pulmonary vascular resistance in the normal ovine 

fetal lung (Ivy, 1996). Chronic intrauterine Endothelin-A receptor blockade with BQ123 in 

fetal lambs decreased pulmonary arterial pressure in utero, decreased right ventricular



92

hypertrophy and distal muscularization of small pulmonary arteries and increased the fall in 

pulmonary vascular resistance at delivery suggesting Endothelin-A receptor stimulation 

contributes to the pathogeneses of perinatal pulmonary hypertension. (Ivy-Parker, 1997) 

Giaid (1991) examined the distribution of endothelin-like immunoreactivity and mRNA in 

the developing and adult human lung and found that the density of cells containing 

Endothelin-1 like immunoreactivity was highest during fetal life and started to decline 

before birth, and was minimal in adults, suggesting endothelin-1 may play a role in growth 

regulation in addition to its vasoconstrictor role in human lung. Endo (1996) measured 

plasma Endothelin-1 concentrations in healthy human neonates and found them to be three 

fold higher at birth compared to levels at 5 or 30 days of age. This also supports the 

presence of an active physiological role for Endothelin-1 in the circulatory adaptation to 

extra-uterine life. Similar falls in Endothelin-1 blood levels after birth have been noted in 

the pig (Levy, 1995). The predominant effect o f Endothelin-1 seen in our study was vaso 

and bronchoconstriction. Receptor binding studies also found that the dominant vascular 

Endothelin receptor was of the Endothelin-A type being 80% of the total Endothelin-1 

binding (Hislop, 1995). Hislop found that the Endothelin-A receptor binding did not change 

with age, however the Endothelin-B binding increased with age in the pulmonary arteries 

and veins.

Endothelin-1 Relaxation Response:

In the current study, the Endothelin-B vasodilator mechanism was not operational in any of 

the fetal or newborn pulmonary arteries studied and was fully present by 24 hours of age, 

and remained present through to adulthood. Absence of the Endothelin-B dilator response 

may also contribute the greater contractile response seen in the fetal and newborn animals. 

The Endothelin-B vasodilator response, when present, was totally inhibited by nitric oxide 

synthase inhibitor L-NMMA and removal of the endothelium indicating that the dilatation 

was due to nitric oxide release from the endothelium in both the arteries and veins. A 

relaxant response to acetylcholine was present in the arteries in the fetus (approx 40% of 3 

day old levels). This indicates some functioning o f the pulmonary arterial nitric oxide 

pathway in the fetus and newborn, however despite this, no Endothelin-B vasodilatation
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was seen. Arrigoni (1999) examined the changes in endothelial nitric oxide synthase 

(eNOS) activity in the porcine lung after birth and found that although eNOS was present in 

the fetus, it was not active. By contrast NOS activity at 5 min, 1,3, 14 days o f age was high 

with peak activity at 14 days of age. This increase in eNOS activity after birth may be 

partially responsible for the appearance o f Endothelin-B relaxation between birth and 24 

hours o f age in addition to increased Endothelin-B receptors. Increased inspired oxygen also 

dilates pulmonary vasculature by stimulating nitric oxide release (McQuestron, 1993) and 

this may also contribute to the appearance of Endothelin-B vasorelaxation after birth. Levy 

(2000) similarly found that Sarafotoxin 6c (Endothelin-B agonist) had minimal relaxant 

effect in the newborn pig and the relaxant effect increased with maturation and the 

contractile effect observed at higher doses decreased. The expression of Endothelin-1 

decreased with age whereas the expression of nitric oxide synthase increased from birth to 2 

days of age. They support the concept that there is immaturity o f the mechanisms 

determining the release of nitric oxide from the endothelium in the newborn. Docherty

(1998) found similar responses to sarafotoxin in pulmonary arteries in fetal, newborn, 4 and 

7 day old rabbits.

The Endothelin-B receptor subtype is expressed on vascular endothelial and smooth muscle 

cells and participates in vasodilatation and vasoconstriction (Rasmussen, 1991) in addition 

to uptake and clearance of Endothelin. Hislop, (1995) noted Endothelin-B binding on the 

media in all age groups but only noted Endothelin-B receptors on the endothelium in the 3 

day old group, however in this present study, functioning endothelial Endothelin-B 

receptors were present in 24h, 3 ,7 , 14 day old and adult groups.

In the veins Arrigoni (1999) found acetylcholine responses were fully present in all age 

groups. This is again similar to the results o f this current study where Endothelin-B dilator 

responses were present in the veins at all the ages groups studied. In the veins Hislop (1995) 

noted an increase in Endothelin-B and decreasing Endothelin-A receptors with increasing 

age. This compares well with our study were the decrease in contractility o f the adult 

pulmonary veins may have been due to decreased Endothelin-A receptors.
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Toga (1991) noted a tone dependent response to Endothelin-1 in lamb pulmonary 

vasculature. In the presence o f elevated tone, a biphasic response was seen, with a dilator 

response at lower doses and vasoconstriction at higher doses, and at low vasomotor tone, all 

doses caused constriction. This tone dependent response was also noted in our current 

study.

Endothelin-1 Bronchial Responses:

We found that Endothelin-1 produced a contractile response in the bronchi which was 

greatest in the fetal /newborn animals and decreased with increasing age. Hislop (1995) 

noted dense binding o f 1251 Endothelin-1 over the bronchial smooth muscle in all ages. The 

binding density was less than the muscular pulmonary arteries in the adult animals. This 

correlates with our current study where although Endothelin-1 was a potent 

bronchoconstrictor, it had less effect on airways than on arteries and veins. Hislop noted 

little change in binding density over the bronchial smooth muscle during development, 

although there was a reduction in binding between the newborn and 3 day old pigs.

Preuss (2000) found that the potency of Endothelin-1 was 3-4 times greater in tracheal 

tissue taken from 4 week old rats than in similar tissue from 12-32 week old animals, 

however in guinea-pig trachea, the potency and maximum response to Endothelin-1 was 

unaffected by age.

The relative proportions o f Endothelin-A and Endothelin-B receptors present within airway 

smooth muscle and alveolar septae display marked interspecies differences, and Endothelin- 

B receptors predominate at both sites in the human lung (Henry, 1999). In the adult pig 67% 

o f the receptors were Endothelin-A and 33% Endothelin-B by ligand binding (Hislop,

1995). The effects induced by Endothelin-1 within the lung include contraction and 

proliferation o f airway smooth muscle, facilitation o f cholinergic neurotransmission, 

mucous gland hypersecretion, microvascular leakage, and inflammatory cell influx. (Henry, 

1999) In our current study the addition o f BQ123 or BQ788 had no effect on Endothelin-1 

induced responses in the bronchus. This is similar to the human bronchus (Hay, 1998) 

where contractions induced by Endothelin-1, Endothelin-3 or Sarafotoxin 6C were not 

sensitive to classical Endothelin-B receptor antagonists such as BQ788. They also noted
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that a residual 20% of binding was resistant to various Endothelin ligands suggesting the 

presence of a novel Endothelin-B receptor subtype. Collectively, the data suggests that 

differences exist in the Endothelin-B receptors mediating contraction in the pulmonary 

vasculature and the airway in the same species (Hay, 1998). BQ123 and BQ788 were also 

without effect on contractions produced by Endothelin-1 in rabbit bronchus (Hay, 1996).

In our study, rubbing off the epithelium significantly increased Endothelin-1 induced 

bronchoconstriction in the 6 and 14 day old animals. Clement (1998) found the addition of 

indomethacin increased the bronchoconstriction induced by aerosol Endothelin-1 in 

anaesthetised pigs. L-NAME had no effect on Endothelin-1 responses, suggesting the 

intrinsic constrictor activity of the peptide can be modulated by the release of dilator 

prostanoids, and these are often epithelium dependent. Preuss (2000) found that removal of 

the airway epithelium significantly increased the contractile potency of Endothelin-1 by 

two-to-three fold in guinea-pig trachea from animals 6-20 weeks old, but not in tissue from 

newborn animals. This is similar to the current study where epithelial removal did not 

significantly increased Endothelin-1 contractility in the fetal and newborn bronchi. This 

suggests some immaturity of the epithelium in these animals, similar to the endothelial 

immaturity seen in the pulmonary arteries. A dilator response to bradykinin 10'^ mol/1 was 

seen in the fetal/ newborn animals, however it was significantly less (14.5 + 2 % 

papavarine) than that o f the 3, 7 and 14 day old animals (30 ± 4% papavarine), p=0.05. The 

bradykinin bronchial response was epithelium dependent and was abolished by 

indomethacin and the bradykinin B2 receptor antagonist HOE 140, but was unaffected by 

nitric oxide synthase inhibition (Table 3.2). Thus the response is due to release of dilator 

prostanoids from the epithelium and this is impaired in the fetal/ newborn and adult 

animals. Bradykinin releases PGE] from human airway smooth muscle cells via induction 

o f cyclooxygenase-2 (Pang, 1997). Brannon (1998) investigated cyclooxygenase (COX) 

gene expression in fetal, 1 and 4 week old lambs and found that COX-1 gene expression 

was present in occasional epithelial cells in the fetal and 1 week old lambs, and increased 

significantly in the 4 week old lambs, were a larger number of epithelial cells stained 

positively for COX-1. On airway smooth muscle, COX-1 was absent in the fetal and was 

present in the one week old lambs. Thus there appears to be an increase in cyclooxygenase
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expression with increasing age in the bronchi, and this may account for the greater 

inhibitory effect o f the epithelium in our 6 and 14 day old animals compared to the fetal/ 

newborn animals.

Bronchial - Pulmonary Arterial Interactions:

Increased fetal responses to endothelin-1 has been previously demonstrated in pulmonary 

arteries however we noted that this also occurred in the pulmonary veins and the bronchi. 

Parallels between the responses of the pulmonary arteries and bronchi have previously been 

noted in pathophysiological conditions. Cases (1996) found that responsiveness of 

pulmonary arterial smooth muscle to constrictor agents (Endothelin-1 and noradrenaline) 

was increased in human adults showing reversible airways constriction pre-operatively. 

They concluded that hyperresponsiveness of airway smooth muscle may be associated with 

a similar phenomenen in the surrounding vascular smooth muscle. This has also been seen 

in children with congenital heart disease, with and without pulmonary hypertension. 

Pulmonary hypertension was associated with increased respiratory system resistance, and 

there was a significant increase in the bronchial smooth muscle mass as well as the 

pulmonary arterial smooth muscle in the children with pulmonary hypertension, suggesting 

co-constriction and co-hypertrophy of bronchial and vascular smooth muscle in pulmonary 

hypertension (Schindler, 1995). This current study also suggests parallel responses between 

the pulmonary arteries and the bronchi during development. Embryologically pulmonary 

arterial smooth muscle cells appear to derive from the bronchial smooth muscle cells of the 

adjacent airways between 38 to 98 days gestation. Some is also derived from lung 

mesenchyme and endothelial cells (Hall, 2000). These similar embryological origins in 

addition to their close anatomical proximity may possibly help account for the observed 

similarities in the responses o f the bronchial and vascular smooth muscle. The mechanism 

of action o f the increased smooth muscle contraction caused by Endothelin-1 is also similar 

in the pulmonary arteries and bronchi. In the pulmonary arteries Endothelin-1 initiates 

depolarisation in the pulmonary arterial smooth muscle cell, leading to calcium influx 

through voltage gated calcium channels and calcium release from ryanodyne and inositol 

sensitive stores (Shimoda, 2000). In the bronchi, Endothelin contraction was also dependent
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on intracellular calcium release, including release from ryanodine-sensitive stores (Hay 

1999).

In summary, Endothelin-1 produced a significantly greater contractile response in the 

fetus compared to 3, 7 14 day old and adult porcine pulmonary arteries, pulmonary veins 

and bronchi. There was also a maturational delay in the onset o f Endothelin-B 

vasodilatation in the pulmonary arteries. This combined data adds further evidence for the 

role o f Endothelin-1 in maintaining broncho and vaso-constriction in-utero and in its role 

in airway and circulatory adaptation to extra-uterine life. As the Endothelin-A receptor 

blocker BQ123 increased Endothelin-B vasodilatation and decreased vasoconstriction, it 

also suggests a possible role for BQ123 in infants with failed adaptation to extrauterine 

life such as in persistent pulmonary hypertension o f the newborn.
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Table 3.1

Effect o f  age on non-receptor mediated potassium chloride (KCL) 40 mmol/1 contraction in pulmonary arteries, 
veins and bronchi. When expressed as gm/mg, the response decreased in the adult bronchi but the response o f  
the pulmonary arteries and veins did not change with age. Endothelial function was assessed using 
acetylcholine (Ach). In the pulmonary arteries, Ach relaxation was least in the fetal, newborn and adult 
animals. A ch relaxation was decreased in the adult, but not fetal or newborn pulmonary veins. Bradykinin was 
used to assess epithelial function in the bronchi and was also decreased in the fetal, newborn and adult pigs. 
N=number o f  animals studied in each group. *p<0.05 when compared to 3 day old animals. Values are mean +  
SE

Contraction Contraction Relaxation
N KCL 40 mmol/1 KCL 40mmol.r\wt^ Ach 10^ mol/1

Pulmonary Artery (gm ±  SE) (gm/mg ± SE) (% papavarine)

Fetal 6 0.24 ± 0.03 0.22 ± 0.04 25 ± 4*
Newborn 8 0.33 ± 0.03 0.24 ±0.02 11±3*
24 hour 5 0.33 ± 0.02 0.26 ±0.02 3 2 ± 7
3 day 12 0.25 ± 0.02 0.15 ±0.01 44 ± 3
6-7 day 16 0.25 ± 0.03 0.19 ±0.03 40 ± 4
14 day 9 0.34 ± 0.03 0.23 ± 0.05 4 1 ± 3
Adult 8 1.30±0.12 0.28 ±  0.02 1 0± 3*

Pulmonary Vein KCL 40 mmol/1 KCL 40mmol.r\wt^ Ach 10^ mol/1

Fetal 6 0.36 ± 0.06 0.40 ± 0.07 6 8 ± 7
Newborn 8 0.38 ± 0.06 0.39 ± 0.07 68 ± 6
3 day 8 0.55 ± 0.08 0.50 ±0.09 7 8 ± 2
6-7 day 6 0.73 ±0.11 0.51 ±0.07 6 8 ± 4
14 day 8 0.77 ± 0.09 0.36 ±  0.05 7 1 ± 3
Adult 8 1.40 ±0.14 0.31 ±0.04 48 ±8*

Bronchus KCL 40 mmol/1 KCL 40mmol.r\wt^ Bradykinin
10^ mol/1

Fetal 6 0.70 ±0.05 0.17 ±0.01 14 ± 5*
Newborn 8 0.69 ± 0.08 0.18 ±0.01 14 ± 4*
3 day 12 0.85 ± 0.06 0.17 ±0.01 27 ± 7
6-7 day 16 1.00 ±0.09 0.14 ±0.01 28 ± 2
14 day 9 1.20 ±0.07 0.14 ±0.01 3 8 ± 3
Adult 8 1.32 ±0.13 0.11 ±0.01 1 ± 1*
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Table 3.2
Mechanisms o f Bradykinin 10'^ mol/1 relaxation response in the bronchi, 6 animals were 
studied at each age group. 0 = complete abolition o f relaxant response. Values are mean + 
SE

RELAXATION
(% Papavarine + SE)

Bradykinin +HOE 140 +Rubbing +L-NMMA Indomethacin
(10^ mol/1) (10-’ mol/1) (10" mol/1) (10" mol/1)

Fetal 1 4 ± 5 0 0 1 4 ± 6 0
Newborn 1 4 ± 4 0 0 1 3 ± 5 0
3 day 27 ± 7 0 0 25 ± 6 0
7 day 28 ± 2 0 0 2 9 ± 3 0
14 day 3 8 ± 3 0 0 3 7 ± 4 0
Adult 1 + 1 Contract 13%
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Table 3.3
The effect o f  ET-A receptor blocker BQ123 on pulmonary arterial and venous relaxant responses. BQ123 10'  ̂
M significantly increased the Endothelin-1 relaxant response in pulmonary arteries in all age groups where a 
relaxation response was seen. The number o f  animals studied is identical to those shown in Table 3.1 *p<0.05 
when Endothelin-1 plus BQ123 response is compared to the baseline Endothelin-1 result. 0 =  complete 
abolition o f  relaxant response. Values are mean +  SE

RELAXATION  
(% Papavarine + SE)

Pulmonary Artery
ET 10^^ M ET lO^s

+BQ123 +Rubbing L-NMMA BQ788

Fetal 0 0
Newborn 0 0
24 hours 8 ±3 .3 21 ±5.4* 0 0 0
3 day 7 ± 3 .2 22 ±4.4* 0 0 0
7 day 9 ±4.1 13 ±4.6* 0 0 0
14 day 14 ± 4 .5 19±7.1* 0 0 0
Adult 0.3 ± 0 .3 7 ±2.6* 0 0 0

Pulmonary yein
ET 10^ M ET 10^ M

+BQ123 +Rubbing L-NMMA BQ788

Fetal 12 ±2 .3 12 ± 2 .7 0 0 0
Newborn 2 ± 1 .8 9 ±4.2* 0 0 0
7 day 13 ± 4 .6 17 ±4 .3 0 0 0
3 day 9 ± 5 .9 20 ±6.3* 0 0 0
14 day 11 ± 5 .9 17 ± 5 .0 0 0 0
Adult 2 +1.4 12 ±5.6* 0 0 0
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Figure 3.1 Contractile responses to Endothelin-1 10'̂ '̂  ̂mol/1 in the pulmonary artery, vein and bronchi. 
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Figure 3.2 Contractile concentration-response curves for Endothelin-1 in pulmonary arterial, pulmonary 
venous and bronchial rings from fetal and adult age groups. The fetal tissue producing a greater contractile 
response in all three tissue types. Values are means + s.e.
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Figure 3.3 Contractile concentration-response curves for Endothelin-1 (log  mol/1) in  pulm onary arterial 
venous and bronchial rings from  N ew born and 3 day control groups. The N ew born tissue produced a 
significantly greater contractile response in bronchi and pulm onary arteries com pared to the 3 day old  
animals indicating a rapid change after birth in the arteries and bronchi but not in  the pulm onary veins. 
V alues are m ean +  SE. m ean
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Figure 3.4 The effect o f removal o f the endothelium, BQ788 10 '̂  mol/1 and BQ123 10'  ̂mol/1 on the
Endothelin-1 contractile responses o f the pulmonary arteries in the fetal, newborn, 3, 6 and 14 day old and
adult pigs. Values are means ±  s.e.mean. * = p<0.05 when compared to baseline Endothelin-1 response.
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Figure 3.5 The effect o f removal o f the endothelium, BQ788 10'  ̂mol/1 and BQ123 10'  ̂mol/1 on the
Endothelin-1 contractile responses o f the pulmonary veins in the fetal, newborn, 3, 6 and 14 day old and
adult pigs. Values are means + s.e.mean. * = p<0.05 when compared to baseline Endothelin-1 response.
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Figure 3.6 The effect o f removal o f the epithelium, BQ788 10'  ̂mol/1 and BQ123 10'  ̂mol/1 on the
Endothelin-1 contractile responses of the bronchi in the fetal, newborn, 3, 6 and 14 day old and adult pigs.
Values are means + s.e.mean. * = p<0.05 when compared to baseline Endothelin-1 response.
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Figure 3.7
A  representative tracing o f  a d ose response curve perform ed on  a pulm onary artery o f  a 14 day old  
piglet fo llow in g  elevation  o f  basal tone w ith Potassium  Chloride 20  mmol/1 to show  the biphasic 
response to Endothelin-1. The V  indicates the log  m olar Endothelin-1 concentrations. The dotted  
line represents basal tone after addition o f  papavarine 10"  ̂mol/1 at the end o f  the experim ent.
A ch  =  acetylcholine 10"  ̂mol/1.
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Figure 3.8 Relaxant concentration-response curves for Endothelin-1 plus BQ 123 lO *' mol/1 in 
pulmonary arterial rings (upper graph) and pulmonary veins (lower graph) from fetal to adult age groups. 
There was a significant effect o f  age on relaxation responses to Endothelin-1 in the pulmonary arteries 
p<0.001, but not in the veins. V alues are mean + SE. mean
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Chapter 4 

Endothelin-1 responses in pulmonary arteries, veins and bronchi from 

piglets with pulmonary hypertension.

IN TRO D U CTIO N

As described in the previous chapter, Endothelin-1 produced a significantly greater 

contractile response in the fetal/newbom piglets compared to 3, 7, 14 day old and adult 

pulmonary arteries, pulmonary veins and bronchi. There was also a maturational delay in 

the onset o f Endothelin-B receptor vasodilatation in the pulmonary arteries, with the 

relaxation response only appearing 24 hours after birth, after which they remained present 

through to adulthood. This suggests that Endothelin-1 plays a role in airway and circulatory 

adaptation to extra-uterine life.

There is also increasing evidence that Endothelin-1 has a role in the pathogenesis of 

pulmonary hypertension. Human Endothelin-1 blood levels are elevated during 

pulmonary hypertension, and decrease following resolution in: persistent pulmonary 

hypertension o f the newborn (Rosenberg, 1993), pulmonary hypertension due to 

congenital heart disease (Ishkawa, 1995) and pulmonary hypertension due to acute lung 

injury (Langleben, 1993). Endothelin-A receptor blockade prevents neonatal pulmonary 

hypertension in meconium aspiration in piglets suggesting that Endothelin-1 directly 

contributes to the pathophysiology o f pulmonary hypertension induced by meconium 

aspiration (Kuo, 2001).

The aim o f this study is to examine the effect o f hypoxic pulmonary hypertension on 

Endothelin-1 responses in isolated porcine pulmonary arteries, pulmonary veins, and 

bronchi.
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M ETH O DS

To evaluate the effects o f pulmonary hypertension on Endothelin-1 responses, three 

groups o f hypoxic pulmonary hypertensive piglets were studied. New bom  piglets (Large 

White breed) were placed in a hypoxic-hypobaric chamber (50.8kPa, Fi02 0.096) and 

cared for in an hypoxic environment for three days to induce neonatal pulmonary 

hypertension. Normoxic normobaric 3 day old piglets were used as controls. In the second 

grouping, three day old piglets were placed in the hypobaric chamber (50.8kPa, FiO]

0.096) for three days to study the effect o f later onset pulmonary hypertension after a period 

o f normal adaptation, and normoxic normobaric 6 to 7 day old piglets were used as 

controls. In the third and final grouping, three day old piglets were placed in a hypoxic- 

hypobaric chamber (50.8kPa, FiO] 0.096) for 11 days to study the effect o f increased 

duration o f hypoxia on the pulmonary hypertension, and normoxic 14 day old piglets were 

used as controls. At least 6 animals were studied in each group.

The Hypoxic-hypobaric pulmonary hypertension model and the basic pharmacology 

methodology is described in Chapter 2.

The protocols used in this chapter were similar to those used in Chapter 3. Briefly they 

involved:

1) Preliminarv studies: KCL 40mmol/l. Acetylcholine and Bradvkinin responses 

The protocol for the preliminary studies is describes in Chapter 2.

2a) A cumulative contractile dose response curve to Endothelin-1 

was performed in the arteries, veins and bronchi at baseline resting tension. The lowest 

concentration was 10’'^ mol/1 and the next dose was only added after more than 3 minutes 

o f stable tension, up to a maximum of 10'^^^ mol/1 Endothelin-1.

2b) Effect o f Endothelin-1 receptor blockade and removal of epi and endothelium on 

contractile response:

Other rings from the same animals were rubbed or were preincubated for 20 minutes with 

either the Endothelin-A receptor antagonist BQ123 10'^ mol/1 or the Endothelin-B 

receptor blocker BQ788 10'^ mol/1 (Sigma), before performing the Endothelin-1
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cumulative dose response study from baseline tension to determine the relative 

contributions o f the Endothelin receptor populations and the effect o f the endothelium / 

epithelium on the contraction.

3a) Endothelin-1 relaxation response:

A separate experiment was then performed using different animals to assess the relaxant 

response to Endothelin-1. The baseline tone of the pulmonary arteries, veins and bronchi 

was elevated using potassium chloride (KCl) 20 mmol/1 to approximately 50% of the 

40mmol KCL contraction for that ring. An Endothelin-1 cumulative dose response curve 

was then performed from 10'*^ mol/1 to 10'^ mol/1 Endothelin-1. Maximum relaxation 

was determined at the conelusion o f the experiment by using papavarine 10"  ̂mol/1 and 

the Endothelin-1 relaxations were expressed as a percentage o f the papavarine response. 

3b) Effect o f Endothelin-1 receptor blockade and removal o f epi and endothelium on 

relaxant response:

In order to determine the relative contributions o f the Endothelin receptor populations and 

the endothelium / epithelium to the relaxation, other rings from the same animals were 

rubbed or were preincubated for 20 minutes with either the endothelin receptor antagonist 

BQ123 10'^ mol/1 or BQ788 10'^ mol/1 before precontracting them with KCL 20mmol/l. 

Nitric oxide synthase inhibitor L-NMMA 10'"̂  mol/1 (Alexis corporation. Nottingham 

UK) was used to determine if  the relaxation was due to release o f nitric oxide. These 

experiments were not performed on the 3-14 day hypoxic pulmonary hypertensive group. 

Data analvsis:

The effect o f hypoxic pulmonary hypertension on Endothelin-1 induced contraction in the 

arteries, veins and bronchi was determined using a general linear model with repeated 

measures comparing the hypoxic pulmonary hypertension groups with their age matched 

normoxic controls. The effect of hypoxic pulmonary hypertension on non receptor 

mediated contraction was determined using ANOVA to compare Potassium Chloride 40 

mmol/1 responses in the pulmonary hypertensive groups compared to their age matched 

normoxic controls. The effect of hypoxic pulmonary hypertension on Endothelin-1, 

acetylcholine and bradykinin induced relaxation was performed using ANOVA at the 

concentration producing maximal relaxation which was lO'"̂  mol/1 in the pulmonary
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arteries and 10'^ mol/1 in the pulmonary veins. The effect o f removal o f the endothelium 

or epithelium and o f the Endothelin receptor antagonists BQ123 and BQ788 was analysed 

using the Student’s un-paired t-test, comparing test to control rings in each animal at the 

concentrations producing maximal responses.

RESULTS

Preliminarv Studies

la. The KCL induced contractile response o f the pulmonary arteries and bronchi increased 

in the younger pulmonary hypertensive animals but not in the older 3-14 day hypoxia group 

when expressed in gm/mg weight. The potassium contraction o f the 0-3 day hypoxia 

pulmonary arteries and bronchi and 3-6 day hypoxia bronchi was increased by 20-40% 

compared to the age matched control animals (Table 4.1). The pulmonary vein KCL 

response did not change with hypoxic pulmonary hypertension. When the KCL response 

was expressed as gm contraction, pulmonary hypertension had no significant effect on 

response in the pulmonary arteries, veins or bronchi (Table 4.1).

lb. Acetylcholine relaxant responses o f the pulmonary arteries were reduced by 75% during 

0-3 and 3-6 day hypoxic pulmonary hypertension. More prolonged hypoxic pulmonary 

hypertension in the 3-14 day hypoxia group resulted in complete abolition o f the relaxant 

response and instead acetylcholine induced a contractile response which was 21 + 3% of the 

KCL response. (Table 4.1)

In the veins, the acetylcholine relaxant responses were unaffected by pulmonary 

hypertension.

The bradykinin relaxation responses in the bronchi were reduced in the pulmonary 

hypertensive animals, with the greatest effect (37% reduction) seen in the 0-3 day neonatal 

pulmonary hypertensive animals and the least effect seen in the older 3-14 day hypoxic 

pulmonary hypertension animals (10% reduction). (Table 4.1) The bradykinin relaxation 

response was significantly less in the younger 0-3 and 3-6 days hypoxic pulmonary 

hypertension animals compared to their age matched controls, being 19 + 2% in the 

hypertensive animals and 28 + 4% papavarine response in the controls p=0.04.
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Responses to Endothelin

2. Contractile responses:

A dose dependant contractile response to Endothelin-1 was seen in all groups in the 

pulmonary arteries, veins and bronchi.

In the pulmonary arteries and bronchi the response to endothelin-1 increased two fold as a 

result o f the pulmonary hypertension in all three hypoxia groups (p<0.05) when expressed 

as a percentage o f the potassium response. (Figures 4.1,4.2 & 4.3)

Unlike the pulmonary arteries and bronchi, hypoxic pulmonary hypertension had no 

significant effect on Endothelin-1 contraction in the pulmonary veins in all 3 hypoxia 

groups.

In the 0-3 and 3-6 day hypoxia animals, removal o f the endothelium significantly increased 

the contractile response in the pulmonary arteries in all the groups studied, however it only 

just reached statistical significance in the pulmonary arteries of the 0-3 day hypoxic 

pulmonary hypertension group. (Figure 4.4) The effect o f adding the Endothelin-B receptor 

antagonist BQ788 mirrored the increased contractile response seen due to removal of the 

endothelium in the arteries in the normoxic control groups, however during hypoxic 

pulmonary hypertension BQ788 had no significant effect indicating a loss of Endothelin-B 

receptor response. In the veins, endothelial removal and BQ788 significantly increased the 

Endothelin-1 contractile response in the normoxic control groups but did not have a 

significant effect in the 0-3 and 3-6 day hypoxic pulmonary hypertension groups (Figure 

4.5). In the bronchi, removal of the epithelium significantly increased the contractile 

response in the 6 day controls and the 3-6 day hypoxia groups, and had no significant effect 

in the younger 3 day controls and the 0-3 day hypoxic pulmonary hypertension groups 

(Figure 4.6). BQ788 had no significant effect on the contractile responses o f the bronchi. 

The addition o f the Endothelin-A receptor antagonist BQ123 attenuated the contractile 

response to Endothelin-1 in the pulmonary arteries at all ages but only reached statistical 

significance in the hypoxic pulmonary hypertension groups, suggesting an increased 

Endothelin-A receptor population in the pulmonary hypertensive animals. BQ123 reduced 

the contractile responses to a similar degree in the veins at all groups, but the difference did
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not reach statistical significance. There was no significant effect of BQ123 on the bronchial 

responses in any o f the groups.

3. Endothelin relaxation responses:

When a relaxant response could be demonstrated in either the pulmonary arterial or 

venous rings the response to Endothelin-1 was biphasic, an initial relaxation being 

followed by a contraction at each concentration increment, as was seen in the control 

animals in Chapter 3. At higher concentrations o f Endothelin-1 (ET 10'^ mol/1) only a 

contractile response was seen. Hypoxic pulmonary hypertension had a significant effect 

on the Endothelin-1 relaxant response in the pulmonary arteries. Endothelin-1 failed to 

relax the 0-3 day and 3-14 day hypoxic pulmonary hypertensive pulmonary arteries, and 

markedly reduced the relaxations seen in the 3-6 day pulmonary hypertension group 

(Figure 4.7 & Table 4.2). The Endothelin relaxant response was present in all groups in the 

veins and was unaffected by hypoxic pulmonary hypertension (Figure 4.7 & Table 4.2). 

There was no Endothelin-1 relaxant response seen in the bronchi precontracted with KCL 

20 mmol/1.

The Endothelin-1 relaxation response in the arteries and veins was abolished by the 

addition of the Endothelin-B receptor blocker BQ788, confirming it was Endothelin-B 

receptor mediated. The relaxation was also absent following removal of the endothelium 

indicating that it is endothelium dependent, and it was blocked by L-NMMA, suggesting 

the relaxation was due to release of nitric oxide firom the endothelium (Table 4.2). The 

addition of BQ123 significantly increased the Endothelin-B relaxation in the arteries and 

veins as a whole, except in the 0-3 day and 3-14 day hypoxic pulmonary hypertensive 

pulmonary arteries where no relaxation was seen, even with the addition o f BQ123 (Table 

4.2).

The effect of age at onset o f hvpoxia and duration o f hvpoxia on Endothelin-1 response: 

The most marked Endothelin-1 changes in the pulmonary arteries and bronchi were seen in 

the young 0-3 day hypoxic pulmonary hypertension group. The changes in the 3-6 day 

hypoxic pulmonary hypertension group were still significant but were reduced compared to 

the 0-3 day hypoxia group. Increasing the duration o f hypoxia by 8 days in the 3-14 day
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hypoxia group resulted in increased severity of the pulmonary arterial changes, so that they 

were more similar to those o f the 0-3 day hypoxia group, however the increased duration of 

hypoxia did not change the bronchial responses any further and they remained similar to the 

3-6 day hypoxia group (Figure 4.8). Increasing the duration o f hypoxia also resulted in the 

complete loss o f Endothelin-B relaxation in the pulmonary arteries. The pulmonary veins 

remained unaffected by the increased duration of hypoxia.

DISCUSSION

This study provides further evidence for the role of Endothelin in the pathophysiology of 

pulmonary hypertension. We found that Endothelin-1 had a significantly greater contractile 

effect in the pulmonary arteries and bronchi of the hypoxic pulmonary hypertensive animals 

compared to the age matched normoxic controls.

The animals in our model were pulmonary hypertensive as indicated by the significantly 

decreased heart weight ratios (Table 2.1) indicating increased right ventricular weight 

compared to left ventricle plus septal weight. We also noted increased medial wall thickness 

in the pulmonary arteries of the animals used in the pharmacology study (described in 

Chapter 2).

Endothelin-1 Contractile Response:

In lung biopsies o f patients with pulmonary hypertension due to congenital heart disease. 

Lutz (1999) found higher Endothelin-A (ET-A) receptor density in lung arteries and lung 

parenchyma and low Endothelin-B (ET-B) receptor expression. Noguchi (1997) found 

that in piglets exposed to hypoxia from birth, plasma Endothelin was greater than normal 

for age, and the binding density of Endothelin-1 was increased in elastic arteries, 

muscular arteries and veins due to an increase in the density o f ET-A binding. The 

smooth muscle ET-B binding was reduced in the elastic arteries in the hypoxic pigs but 

was not altered in muscular arteries and veins. Thus the porcine hypoxic pulmonary 

hypertension model is a useful model for the study o f human pulmonary hypertension, as 

the Endothelin receptor binding studies have found similar changes in human and porcine 

lung.
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In our study, the two fold increase in pulmonary arterial contraction observed during 

pulmonary hypertension may be due to increased ET-A receptor density, as the increase 

was still present even after the contractile response had been expressed as a percentage of 

the potassium chloride contraction to eliminate the effect of the general non-receptor 

mediated changes in contractility. Also the Endothelin-A receptor antagonist BQ123 had 

a much greater effect in the pulmonary hypertensive animals, reducing the Endothelin-1 

contractile response by 60-70% in the pulmonary hypertensive animals compared to 15- 

20% reduction in the age matched control animals. The Endothelin-B receptor antagonist 

BQ788 had no significant effect in the pulmonary hypertensive animals, where as in the 

control animals it significantly increased the contractile response, indicating a loss of 

Endothelin-B receptor effect in the pulmonary hypertensive animals. The loss o f effect of 

BQ788 in the pulmonary arteries was also due to the raised basal response to Endothelin-

1. In the veins, although the basal response to Endothelin-1 was not significantly changed 

by hypoxic pulmonary hypertension, the effect o f endothelial removal and BQ788 no 

longer reached statistical significance. Noguchi (1997) found that binding density of 

Endothelin-1 and the density of Endothelin A receptor binding was increased in the 

hypoxic veins, but Endothelin B receptor binding was not altered. This difference may 

partially be explained by the smaller number of pulmonary veins studied (n=6. Table 4.1) 

resulting in larger standard errors. Further investigation o f the effect o f hypoxic 

pulmonary hypertension on pulmonary vein responses is required in the future.

The increased potassium chloride response in m m ol.l'\w f^ seen in the pulmonary arteries 

and bronchi o f the younger pulmonary hypertensive animals may reflect the two fold 

increase in smooth muscle present in these structures during pulmonary hypertension as 

described in Chapter 2. However this does not explain why this was not seen in the 3-14 

day hypoxia animals, and would imply that other factors apart from smooth muscle 

amount affect the potassium chloride response. This required further investigation in the 

future.
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Endothelin-1 relaxation responses:

In addition to an increased contractile response, the Endothelin-B receptor mediated 

vasodilator mechanism was not operational or severely impaired in the pulmonary arteries 

o f the pulmonary hypertensive animals, despite being fully present in the age matched 

normoxic controls. The acetylcholine relaxant response was also severely impaired in the 

arteries of the pulmonary hypertensive animals. Acetylcholine mediated rat pulmonary 

arterial vasodilatation occurs via activation of muscarinic M(3) receptors in the endothelium 

resulting in the release of nitric oxide (Choy, 2002). Similarly in this study, ET-B receptor 

mediated vasorelaxation was found to be via nitric oxide release from the endothelium. Sato 

(1999) also found a direct hypoxic pulmonary hypertensive inhibition of nitric oxide 

production in rats. This indicates impairment o f the pulmonary arterial nitric oxide pathway, 

in addition to ET-B receptor changes in pulmonary hypertension.

Gosselin (1997), using a 1-3 day and 1-14 day hypoxic (FiOi 0.1) porcine pulmonary 

hypertension model similarly found a 40% reduction in pulmonary arterial ET-B receptor 

binding and a reduction in the magnitude of the initial dilator response to Endothelin-1 

using isolated perfused lungs. They attributed this to decreased ET-B receptor expression in 

pulmonary hypertension. The Endothelin constrictor response was not increased in the 

pulmonary hypertensive pigs compared to the controls, ET-A receptor binding decreased by 

50% in the 1-14 day hypoxia animals, and also Endothelin blood levels were not increased 

in this model (Gosselin, 1997). This differs from the current study where the Endothelin-1 

contractile response was increased in isolated pulmonary arteries of the pulmonary 

hypertensive animals, and ET-A receptor binding (Noguchi, 1997), and Endothelin-1 blood 

levels (Noguchi, 1997) were increased in our porcine pulmonary hypertension model 

compared to the age matched controls. This difference may be due to different ligand 

binding and pharmacology techniques used, and perhaps the Gosselin model had a lesser 

degree o f pulmonary hypertension.

Pulmonary veins:

The Endothelin-1 and acetylcholine mediated vasodilator response was fully preserved in 

the hypoxic pulmonary hypertensive pulmonary veins in our study. This compares well with
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the Endothelin receptor binding studies, where ET-B receptor binding was reduced in the 

hypoxic elastic arteries but not in the veins (Noguchi, 1997).

In our study we found pulmonary vein non-receptor mediated potassium chloride 

contraction, smooth muscle amount (Chapter 2) and Endothelin-1 contraction in addition to 

acetylcholine and ET-B receptor mediated relaxation to be unaffected by hypoxic 

pulmonary hypertension. Takahashi (2001) found upregulation o f Endothelin and its 

receptors and increased medial wall thickness in small pulmonary veins under chronic 

hypoxic conditions in rats. This difference from our current results may be explained by 

species differences or differences in vessel sizes. In our study only larger more proximal 

pulmonary veins were studied. However, in our study the effect o f endothelial removal and 

BQ788 was diminished and no longer reached statistical significance in the veins. Arrigoni

(1999) found neonatal hypoxia diminished the response to potassium chloride and 

Thromboxane analogue U-46619 in porcine pulmonary veins. In this study, responses were 

not standardized for tissue mass or non-receptor mediated tissue contractility. This may 

partly explain the differences in results. Thus it appears that hypoxic pulmonary 

hypertension has some effect on pulmonary vein Endothelin-1 responses, however they are 

much less affected than the pulmonary arteries. Further studies are required to better 

understand the pulmonary vein responses in pulmonary hypertension.

Endothelin-1 Bronchial Responses:

In the bronchi, Noguchi (1997) noted increased Endothelin-1 receptor binding density in the 

neonatal hypoxic pulmonary hypertensive animals compared to the age matched controls. 

Airway ET-A receptor binding showed a decrease with age in the normal animals, but was 

increased in animals made hypoxic from birth. ET-B receptor binding decreased in the 

neonatal hypoxic pulmonary hypertensive bronchi. Nakanishi (1999) also found that ET-l 

mRNA and protein-reactive smooth muscle cells in pulmonary arteries and ET-l mRNA- 

reactive airway epithelial cells were significantly more abundant in rats exposed to 

hypobaric hypoxia than in ground level controls. These receptor binding studies correlate 

well with the findings of this current study, where in addition to increased pulmonary 

arterial vasoconstriction, Endothelin-1 induced bronchoconstriction was also increased two 

fold in the hypoxic pulmonary hypertensive animals.



119

This suggests a co-constriction and co-hypertrophy o f bronchial and pulmonary arterial 

smooth muscle during pulmonary hypertension. In lipopolysaccharide induced endotoxic 

shock in the pig, resulting in:- systemic hypotension, pulmonary hypertension, decreased 

compliance and increased resistance o f the respiratory system; Bosentan (a dual Endothelin 

receptor antagonist) completely abolished the pulmonary hypertension and the changes in 

respiratory system compliance and resistance (Albertini, 2001). Thus in lipopolysaccharide- 

dependent pulmonary hypertension, the respiratory effects were mediated by Endothelin. It 

is possible that the increased respiratory system resistance noted in infants with persistent 

pulmonary hypertension o f the newborn (Chapter 1) and in children with pulmonary 

hypertension due to congenital heart disease (Schindler, 1995) was also in part caused by 

Endothelin, which is known to be elevated in these conditions. Cases (1996) found 

increased responsiveness o f human pulmonary arteries to Endothelin-1 in patients with 

reversible airways constriction pre-operatively, again supporting the concept o f co

constriction of bronchial and adjacent pulmonary arterial smooth muscle.

The effect of age at onset o f hvpoxia and duration o f hypoxia on Endothelin-1 response:

In our study, three different hypoxic pulmonary hypertension regimes were investigated to 

determine the effect o f age at onset o f the hypoxia and the duration of hypoxia on the 

resultant pulmonary hypertension. The most marked increased responses to Endothelin in 

the airways and pulmonary arteries were seen in the animals exposed to hypoxia from birth. 

These responses closely resembled those seen in late gestation fetal and newborn pigs 

(Chapter 3) suggesting delayed maturation o f the airways and pulmonary arteries during 

neonatal hypoxic pulmonary hypertension. A period o f normal adaptation, where pulmonary 

arterial pressure falls rapidly and Endothelin binding in the airways and arteries normally 

decreases seems protective, in that the changes in plasma Endothelin and Endothelin-1 

receptor binding o f the airways and arteries was much less noticeable in the animals 

exposed to hypobaric hypoxia from day 3 (Noguchi, 1997). Similarly in this study, the 

animals exposed to hypobaric hypoxia from days 3 to 6 had less striking increases in 

Endothelin-1 induced pulmonary arterial and bronchial constriction. Increasing the duration 

of hypoxia to 11 days further increased the pulmonary arterial responses to Endothelin-1 but
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the bronchoconstriction remained the same as that seen in the 3-6 day hypoxia animals. 

Earlier onset of hypoxia (0-3 day hypoxia) and more prolonged exposure to hypoxia (3-14 

day hypoxia) resulted in significantly more marked pulmonary arterial smooth muscle 

increases compared to the 3-6 day hypoxia animals (Chapter 2), and suggests more severe 

pulmonary hypertension in these animals. In children with congenital heart disease, 

increasing age and more prolonged exposure to left-to-right shunts resulted in more severe 

pulmonary hypertension and increased medial thickness of the pulmonary artery 

(Rabinovitch, 1984). One year after surgical repair o f the congenital heart lesion, mean 

pulmonary arterial pressure and pulmonary vascular resistance were normal in all patients 

whose conditions were corrected before 9 months of age, but remained elevated in 50% of 

those whose conditions were repaired at 9 months of age or later, and remained elevated in 

all those who were repaired after 2 years of age (Rabinovitch, 1984). Thus the duration of 

exposure to the pulmonary hypertension stimulus not only affects the severity of the 

resultant pulmonary hypertensive changes, but also affects the ability to recover from these 

changes. This emphasises the need to identify and treat the cause o f the pulmonary 

hypertension early if  possible, to prevent the resultant pulmonary hypertensive changes from 

becoming irreversible.

In summarv. Endothelin-1 produced a significantly greater contractile response in the 

pulmonary hypertensive porcine pulmonary arteries and bronchi compared to age 

matched normoxic controls. There was also severely reduced ET-B receptor mediated 

vasodilatation in the pulmonary arteries. This combined data adds further evidence for the 

role o f Endothelin-1 in maintaining broncho and vaso-constriction during newborn and 

infant pulmonary hypertension. As the ET-A receptor blocker BQ123 increased 

Endothelin-1 vasodilatation and decreased vasoconstriction significantly in our study, it 

also suggests a possible role for BQ123 in the management o f pulmonary hypertension. In 

a randomized trial o f 213 adults with primary pulmonary hypertension, Bosentan (a dual 

receptor antagonist o f ET-A and ET-B) significantly improved six-minute walking 

distance and the dyspnoea index (Rubin, 2002). In human infants with post-operative 

pulmonary hypertension due to congenital heart disease, the Endothelin-A receptor
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antagonist BQ123 reduced pulmonary arterial to systemic arterial pressures from 62% to 

52% (Prendergast, 1999). Successful use o f ET-A receptor antagonist in a hypoxic 

porcine neonatal model of pulmonary hypertension resulting in reduced pulmonary artery 

pressure, percentage wall thickness, restoration o f the dilator response to a nitric oxide 

donors and increased concentration o f exhaled nitric oxide (Perreault, 2001), also 

suggests a possible role for BQ123 in the management of infants with persistent 

pulmonary hypertension o f the newborn.
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Table 4.1
Effect o f  hypoxic pulmonary hypertension on non-receptor mediated Potassium Chloride (KCL) 40 mmol/1 
contraction in pulmonary arteries, veins and bronchi. The potassium contraction (gm/mg) was increased in the 
0-3 hypoxia pulmonary arteries and bronchi compared to 3 day controls, and in 3-6 Hypoxia bronchi compared 
to 6 day controls. Acetylcholine (Ach) relaxation, to assess endothelial function, was significantly reduced in 
the pulmonary hypertensive pulmonary arteries, but did not change in the veins. Bradykinin was used to assess 
epithelial function in the bronchi and this was less in neonatal hypoxic pulmonary hypertension. N=number o f  
animals studied in each group. * = p<0.01 when pulmonary hypertension animals compared to age matched 
normoxic controls. Values are mean + SB

N Contraction Contraction Relaxation
KCL 40 mmol/1 KCL 40mmol.r*.wf* Ach lO'^mol/l

Pulmonary Artery (gm ± SE) (gm/mg ±  SE) (% papav ±SE)

3 day 12 0.25 ± 0.02 0.15 ±0.02 44 ± 3
6 day 16 0.25 ± 0.03 0.19 ±0.03 4 0 ± 4
14 day 9 0.34 ± 0.03 0.21 ±0.02 4 1 ± 3
0-3 Hypoxia 10 0.31 ±0.03 0.25 ±  0.05 * 8 ± 2 *
3-6 Hypoxia 14 0.27 ± 0.03 0.20 ±  0.02 1 1 ± 2 *
3-14 Hypoxia 7 0.34 ± 0.03 0.24 ±  0.03 0 *

Pulmonary Vein N KCL 40 mmol/1 KCL 40m m ol.r\w f ̂ Ach lO^mol/1

3 day 8 0.55 ± 0.08 0.54 ± 0.09 7 8 ± 2
6 day 6 0.73 ±0.11 0.51 ±0.07 6 8 ± 4
14 day 8 0.77 ± 0.09 0.36 ± 0.05 7 1 ± 3
0-3 Hypoxia 6 0.44 ± 0.04 0.57 ±  0.05 76 ± 3
3-6 Hypoxia 6 0.72 ± 0.08 0.51 ±0.05 8 2 ± 2
3-14 Hypoxia 5 0.82 ± 0.30 0.61 ±0.10 7 0 ± 8

Bronchus N KCL 40 mmol/1 KCL 40m m ol.l\wt^ Bradykinin 
10^ mol/1

3 day 12 0.85 ± 0.06 0.16 ±0.02 27 ± 7
6 day 16 1.00 ±0.09 0.14 ±0.01 28 ± 2
14 day 9 1.21 ±0.07 0.15 ±0.01 3 8 ± 3
0-3 Hypoxia 10 0.77 ± 0.07 0.20 ±  0.02 * 1 7 ± 3  *
3-6 Hypoxia 14 0.98 ± 0.07 0.20 ±  0.02 * 2 2 ± 4  *
3-14 Hypoxia 7 1.10±0.11 0.18 ±0.01 3 4 ± 9
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Table 4.2
The effect o f hypoxic pulmonary hypertension on ET-B relaxation. Hypoxic pulmonary hypertension 
significantly decreased or abolished ET-B relaxation in the pulmonary arteries and the pulmonary vein 
responses were unaffected. BQ123 10'*̂  mol/1 significantly increased the Endothelin-1 relaxant response in 
pulmonary arteries and veins in all groups where a relaxation response was seen. Number o f  animals studied is 
identical to those shown in Table 4.1 *p<0.05 when pulmonary hypertension animals compared to age matched 
controls. #  p<0.05 when Endothelin-1 baseline values compared to responses after addition o f  BQ123. Values 
are mean + SE

RELAXATION
(% Papavarine 10 mol/1 + SE)

Pulmonary Artery
ETlO-«®moI/l ET 10^^ 

+BQ123 +Rubbing L-NMMA BQ788

3 day 7 ± 3 .2 22 ±4.4# 0 0 0
6 day 9 ±4.1 13 ± 4.6# 0 0 0
14 day 14 ±4 .5 19±7 .1# 0 0 0
0-3 Hypoxia 0* 0 0 0 0
3-6 Hypoxia 0* 2.7 ±1.8 0 0 0
3-14 Hypoxia 0* 0

Pulmonary yein
ET 10'̂  mol/1 EX lO ’ mol/1

+BQ123 +Rubbing L-NMMA BQ788

3 day 9 ± 5 .9 20 ±  6.3# 0 0 0
6 day 13 ± 4 .6 17 ± 4 .3# 0 0 0
14 day 13 ± 5 .9 17 ± 5 .0# 0 0 0
0-3 Hypoxia 14 ± 7 .6 26 ±6.8# 0 0 0
3-6 Hypoxia 17±11 21± 6 .1# 0 0 0
3-14 Hypoxia 17± 12
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Figure 4.1 Contractile concentration-response curves for Endothelin-1 (log mol/1) in pulmonary arterial, 
pulmonary venous and bronchial rings from 0-3 day hypoxic pulmonary hypertension and 3 day control 
groups. The pulmonary hypertensive tissue produced a greater contractile response in the pulmonary arteries 
and bronchi. Values are means +  s.e. mean.
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Figure 4.2 Contractile concentration-response curves for Endothelin-1 (log mol/1) in pulmonary arterial, 
pulmonary venous and bronchial rings from 3-6 day hypoxic pulmonary hypertension and 6 day control 
groups. The pulmonary hypertensive tissue produced a greater contractile response in the pulmonary arteries 
and bronchi. Values are means + s.e. mean.
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Figure 4.3 Contractile concentration-response curves for Endothelin-1 (log  mol/1) in pulm onary arterial 
venous and bronchial rings from  3-14  day hypoxic pulm onary hypertension and 14 day control groups. 
The pulm onary hypertensive tissue produced a significantly greater contractile response in the pulm onary  
arteries and bronchi com pared to the 14 day control animals. V alues are m ean +  SE. m ean
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Figure 4.4 The effect o f  rem oval o f  the endothelium, B Q 788 10'^ mol/1 and B Q 123 10'^ mol/1 on the 
Endothelin-1 contractile responses o f  the pulm onary arteries in the 3 day, 6 day and corresponding hypoxic  

pulm onary hypertensive groups. V alues are m eans + s.e.m ean. * =  p<0.05  w hen com pared to baseline 
Endothelin-1 response.
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Figure 4.5 The effect o f  rem oval o f  the endothelium, B Q 788 10'^ mol/1 and B Q 123 10'^ mol/1 on the 
Endothelin-1 contractile responses o f  the pulm onary veins in  the 3 day, 6 day and corresponding hypoxic  

pulm onary hypertensive groups. V alues are m eans + s.e.m ean. * =  p<0.05 w hen com pared to baseline  
Endothelin-1 response.
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Figure 4.6 The effect o f  rem oval o f  the epithelium , B Q 788 10'^ mol/1 and B Q 123 10'^ mol/1 on the 
Endothelin-1 contractile responses o f  the bronchi in the 3 day, 6 day and corresponding hypoxic pulm onary 

hypertensive groups. V alues are m eans + s.e.m ean. * =  p<0.05 w hen com pared to baseline Endothelin-1 
response.
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Figure 4.7 Relaxant concentration-response curves for Endothelin-1 plus B Q 123 (log  mol/1) in  
pulm onary arterial (PA ) and pulm onary venous (P V ) rings from  the 0-3 day, 3-6  day and 3 -14  day  
hypoxic pulm onary hypertension anim als and the age m atched control groups. H ypoxic pulm onary  
hypertension abolished the relaxant response to Endothelin-1 in  the pulm onary arteries, but had no effect  
in the veins. (The 3 -14  day hypoxia and 14 day control [low er graph] is Endothelin-1 w ithout B Q 123 .)  
V alues are m ean + SE. m ean

Relaxation  ̂®
% 20

Papavarine

0

5
10

Relaxation
% 20

Papavarine

30

35

- PA0-3d 
Hypoxia

— — PA 3d 
Control

-  wk -  PV 0-3d 
Hypoxia
PV 3d 
Control

=0.001

-10 -9.5 -9 -8.5

Endothelin-1 (log mol/1)

-8

-10 -9.5 -9 -8.5

Endothelin-1 (log mol/1)

-8

PA3-6d
Hypoxia
PA 6d
Control
PV 3-6d 
Hypoxia
PV 6d 
Control

}-

}

p=0.05

N S

0

5
10

Relaxation  ̂®
% 20

Papavarine

30

3 5
-10 -9.5 -9 -8.5

Endothelin-1 (log mol/1)

-8

PA3-14d
Hypoxia
PA 14d
Control
PV 3-14d 
Hypoxia
PV 14d 
Control

p<0.01

N S



131

Figure 4.8 Contractile concentration-response curves for Endothelin-1 (log  mol/1) in pulm onary arterial 
and bronchial rings from 3-14  day h ypoxic pulm onary hypertension and 14 day control groups. The 
increased duration o f  hypoxia increased the severity o f  the pulm onary arterial changes so that they were 
more sim ilar to those o f  the 0-3 day hypoxia  group, how ever the increased duration o f  hypoxia did not 
change the bronchial responses any further and they rem ained sim ilar to the 3 -6  day hypoxia group. 
V alues are m ean +  SE. m ean
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Chapter 5 

Neural responses during normal maturation and hypoxic pulmonary 

hypertension in porcine pulmonary arteries and bronchi.

IN TRO DUCTIO N

In chapter 1 we described rapid parallel changes in pulmonary arterial pressure and 

bronchial respiratory system resistance in infants with persistent pulmonary hypertension o f 

the newborn. The clinical heightened reactivity of the airways and pulmonary arteries to 

stimuli, such as pain and endotracheal suctioning, in pulmonary hypertension, may result in 

sudden instantaneous severe vaso and bronchoconstriction (Chapter 1). The 

bronchoconstriction adversely affected the arterial pH (Chapter 1), and may be so severe as 

to mimic a blocked endotracheal tube and the vasoconstriction may precipitate acute right 

heart failure (Wheller, 1979). Due to the very rapid onset of the vaso and 

bronchocontriction, neural mechanisms may be involved.

Previous studies on the porcine lung have shown an increase in density o f sympathetic 

nerves throughout the lung during the first two weeks of life (Wharton, 1988). 

Noradrenaline and adenosine 5-triphosphate (ATP) are sympathetic cotransmitters 

(Warland, 1987), and there is sympathetic nerve innervation to both pulmonary arteries and 

bronchi. McMillan (1999) noted that vasodilatation and vasoconstriction of porcine 

intrapulmonary arteries in response to nucleotides, such as ATP, increased during 

development from fetus to adult, but were unaffected by neonatal pulmonary hypertension. 

Preuss (1999) found a rapid increase in isoprenaline potency between birth and 2 weeks of 

age in guinea pig trachea. Non-adrenergic non-cholinergic nerves, which release nitric oxide 

and vasoactive intestinal peptide, were found to be greater in neonatal than in adult porcine 

trachealis preparations (Hodgson, 1994 & 1997). Thus there may be developmental changes 

in neural responses in pulmonary arteries and bronchi. Pulmonary hypertension may also 

alter neural responses.



133

Electrical field stimulation (EPS) is a technique that has been frequently used to stimulate 

release o f neurotransmitters from nerve terminals innervating airway and arteries (Spicuzza, 

1998; Warland, 1987). Thus, bypassing an electrical current between two electrodes placed 

on either side o f tissue mounted in the organ bath, neural responses may be studied.

The aim o f this study is to evaluate neural responses o f pulmonary arteries and bronchi 

during normal development and neonatal pulmonary hypertension using electrical field 

stimulation.

M ETHO DS

To study the effects of development on neural responses. Large White pigs were studied 

at 5 ages: fetal, newborn (less than 2 hours of age), 3, 14 days and adult. The fetal pigs 

were 110 (out o f 115) days gestation. The results from the fetal and newborn animals 

were found to be identical, and in later experiments, only fetal tissue was used. Adult 

tissue was obtained from a local abattoir. To study the effect o f pulmonary hypertension 

on neural responses, newborn piglets less than 2 hours o f age, were placed in a hypoxic- 

hypobaric chamber (50.8kPa, FiOz 0.096) and cared for in an hypoxic environment for 

three days to induce neonatal pulmonary hypertension. The normoxic normobaric 3 day 

old piglets were used as controls. Five to 10 animals were studied in each group for each 

o f the different protocols. (See Chapter 2 for full details of experimental model).

The animals were killed with an overdose of pentobarbital sodium lOOmg/kg and the 

heart and lungs immediately removed and placed in cold modified Krebs-Ringer solution. 

The parallel intralobar second to third order intra-pulmonary arteries (1-2 mm diameter), 

and adjacent bronchi (2-3 mm diameter) were dissected fi-ee from the surrounding lung 

parenchyma o f the lower lobes and cut into rings 2-3 mm long. The rings were mounted 

in a 10ml organ bath to measure isometric tension as described in Chapter 2. In addition, 

two platinum electrodes (5 x 40mm) were placed on either side o f the mounted rings 

inside the organ bath. The electrodes were used to apply an electrical field generated by a 

DC amplifier (Mayo Clinic Engineering Department) triggered by a square wave



134

electrical stimulator (Model S44 Grass Medical Instruments). Use o f this equipment to 

examine neural responses has been previously described by Hodgson (1995 & 1997). 

After an equilibration period, the arteries and bronchi were stretched to optimum resting 

tensions (as described in chapter 2) and were contracted with potassium chloride 40 

mmol/1 to assess the viability o f the preparation.

In some o f the rings the endothelium or epithelium was removed and endothelial function 

was assessed in all artery rings by observing the response to acetylcholine 10'"̂  mol/1 or 

bradykinin 10'^ mol/1 at a stable plateau of the potassium contraction. Vessel rings and 

bronchi were washed again with fresh aerated Krebs Ringer solution and equilibrated for 

30 minutes before exposure to further pharmacological stimulation.

The EPS studies were performed using a power setting of 25 Volts and a pulse duration 

of 0.5 milliseconds. This power setting was chosen as it was supramaximal, but it did not 

directly stimulate the muscle, and it instigated nerve-mediated responses that were 

abolished by tetrodotoxin in the arteries and airways. The results o f preliminary 

experiments to determine the optimum voltage and duration o f stimulation are shown in 

Figure 5.1.

The protocols used were:

1) Electrical Field Stimulation contractile frequencv response curve.

To assess the neural contractile responses, a cumulative frequency response curve to 

increasing frequencies o f EFS (0.5ms, 25V) was performed in the pulmonary arteries and 

bronchi at baseline resting tension. The lowest frequency was 0.1 Hz, and was increased in 

half log increments up to a maximum of 1 OOHz, however the different frequencies were 

applied in random order. Each frequency was applied for 30 seconds and a 10 minute 

interval was allowed before the next frequency was applied.

2) Electrical Field Stimulation relaxation frequencv response curve.

A separate experiment was then performed to assess the relaxant neural responses to EFS. 

The baseline tone o f the pulmonary arteries was elevated with a submaximal 

concentration o f the thromboxane analogue U46619 1-5 x 10'^ mol/1 to approximately 

50% of the KCl 40 mmol/1 contraction. The bronchi were preconstricted with carbachol 

4-7x10’̂  mol/1, again to approximately 50% of the KCl 40 mmol/1 contraction. An EFS
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(0.5ms, 25V) frequency response curve was then performed from 0.1 to lOOHz.

Maximum relaxation was determined at the conclusion of the experiment by using 

papavarine lO'"̂  mol/1 and the EFS relaxations were expressed as a percentage o f the 

papavarine response. In the airways, the papavarine baseline tone was the same as the 

baseline tone after washing out the carbachol.

3) Contribution o f the endothelium / epithelium to the BPS response:

In order to determine the relative contribution o f the endothelium / epithelium to the EPS- 

induced contraction and relaxation, other rings from the same animals were rubbed before 

performing the frequency response curves from baseline and elevated tone. In 

preconstricted rings, nitric oxide synthase inhibitor L-NAME 10’̂  mol/1 (Alexis 

corporation. Nottingham UK) was used to determine if  the relaxation was due to release 

o f nitric oxide in the pulmonary arteries and Indomethacin 10'^ mol/1 (Sigma) was used to 

determine if  the bronchial relaxation was due to release o f prostaglandins from the 

epithelium.

41 Mechanisms of EPS-induced Responses:

To determine the neural mechanisms involved in the EPS-induced contraction and 

relaxation, rings from the same animals were subjected to EPS at lOHz 0.5ms, 25V for 30 

seconds until a stable response was obtained. (10 Hz was chosen as the EPS responses 

were best abolished by tetrodotoxin 10'^ mol/1 at this frequency and thus were mostly o f 

neural origin.) Rings were then incubated for 20 minutes with cholinergic antagonists, 

before repeating the response to EPS at lOHz 0.5ms, 25V for 30 seconds. Rings were 

then incubated for 20 minutes with adrenergic antagonists, before again repeating the 

response to EPS at lOHz 0.5ms, 25 V for 30 seconds. The response o f the antagonist was 

expressed as a percentage change from the original response. Other rings were subjected 

to the same EPS stimulation without the addition o f any blocking drugs to ensure the EPS 

response remained stable over the duration of the experiment. The adrenergic 

contribution to the EPS response was assessed using the p adrenoceptor antagonist 

propranolol 10'^ mol/1 or the a  adrenoceptor antagonist phentolamine 10'^ mol/1 (Sigma). 

The tt] adrenoceptor antagonist prazosin 10'^ mol/1 (Sigma) was also used to assess the 

contribution o f a% adrenoceptors to the contractile response. Atropine 10'^ mol/1 was used
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to assess the cholinergic contribution to the EFS response. Atropine was not used in the 

carbachol pre-constricted bronchi as it reversed the effect o f the carbachol. Nitrergic 

responses (nitric oxide mediated neural responses) in the preconstricted bronchi were 

assessed by the addition o f L-NAME 10'"̂  mol/1. The nitric oxide radical scavenger, 

carboxy-PTIO(carboxyphenyl-tetramethylimidazoleoxide) was also tested on the bronchi, 

but was found to produce a response similar to that produced by L-NAME. Tetrodotoxin 

10"  ̂mol/1 was used to determine if  the responses were o f neural origin.

Data analvsis:

The effect o f development and hypoxic pulmonary hypertension on EFS induced 

contraction and relaxation in the arteries and bronchi was determined using a general 

linear model with repeated measures. The fetal pigs were compared to the 3 day old and 

adult animals. The 0-3 day hypoxic pulmonary hypertension group was compared with 

the 3 day old normoxic controls. The effect o f removal o f the endothelium or epithelium 

was determined using ANOVA. The effect of L-NAME, Indomethacin, the adrenoceptor 

antagonists and cholinergic antagonists were analysed using the paired Student’s t-test, 

comparing test to control responses in each animal.

RESULTS

Preliminarv Studies

The KCL induced contractile responses, and the acetylcholine and bradykinin relaxant 

responses were the same as those previously described in Chapter 3 and 4. (Table 3.1 & 4.1)

Responses to Electrical Field Stimulation

1). Electrical Field Stimulation contractile frequencv responses: Effect o f Development.

A frequency dependant contractile response to EFS (0.5ms, 25 V) was seen in all groups in 

the pulmonary arteries and bronchi. The maximum response was seen at 50Hz. The fetal 

contractile response was significantly greater than that seen in the 3 ,14 day and adult 

animals in the pulmonary arteries and bronchi (Figure 5.2).
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2) Electrical Field Stimulation relaxation frequencv responses: Effect of Development.

A relaxant response EFS was present in all pulmonary arteries and bronchi at all ages 

except the fetal and newborn pulmonary arteries where no relaxant response was seen. 

The relaxant response was most marked at higher frequencies. The pulmonary arterial 

EFS relaxation response was significantly less in the fetal (0%) and newborn (0%) 

compared to the 3 day old animals (27 + 3% papavarine at EFS 50Hz, p<0.001 [Figure

5.3]). The greatest relaxation response was seen in the 3 day old animals, however, the 14 

day and adult pulmonary arterial EFS relaxation was also significantly more than the fetal 

response.

In the bronchi a frequency dependent relaxant response was seen in all groups (Figure 5.3). 

The bronchial EFS relaxation response was significantly less in the newborn and fetal (30 

+ 7% papavarine) compared to the 3 and 14 day old animals (62 + 4% at 5 GHz in the 3 

day olds, p=0.002 [Figure 5.3]). The adult bronchial responses were also reduced when 

compared to the 3 and 14 day old piglets, and may be due to increased cartilage in the 

adult animals.

Effect of Pulmonary Hvpertension:

In the pulmonary arteries, 0-3 day hypoxic pulmonary hypertension increased the EFS 

contractile response two fold compared to the 3 day old normoxic controls, p<0.001 (Figure

5.4). There was a trend towards an increased contractile response in the 0-3 day hypoxic 

pulmonary hypertensive bronchi, but this did not reach statistical significance (Figure 5.4). 

0-3 day hypoxic pulmonary hypertension reduced pulmonary arterial EFS relaxant 

responses 10 fold, to 2.8 + 1 % in the pulmonary hypertensive group from 27 + 3 % 

papavarine response in the age matched controls at 50Hz, p<0.001 (Figure 5.4).

Hypoxic pulmonary hypertension also significantly reduced the bronchial EFS relaxant 

responses. At 50Hz, pulmonary hypertension reduced the bronchial relaxant response by 

37%, from 62 + 4 % papavarine response in the age matched controls to 39 + 4 % in the 

0-3 day hypertension group, p=0.002 (Figure 5.4).



138

3) Contribution of the endothelium / epithelium to the EFS-induced contraction and 

relaxation:

Electrical Field Stimulation (0.5 ms, 50Hz, 25V) induced neural contraction was 

significantly increased, and neural relaxation was significantly reduced in the epithelium 

and endothelium denuded preparations in the 3 day, 14 day and adult animals. This 

difference was not seen in the fetal animals. The difference was also less marked in the 

adult EFS contractile responses, where epithelial removal only just resulted in a 

statistically significant increased bronchial response and in the pulmonary arteries, there 

was a trend towards increased EFS contractile responses in the endothelium denuded 

preparations, p=0.07 (Figure 5.5).

Epithelial and endothelial removal had an even greater effect on the EFS relaxation 

responses, where EFS relaxation was significantly reduced in the 3, 14 and adult groups. 

In the pulmonary arteries, removal of the endothelium almost entirely abolished the EFS 

relaxant response. In the 3 day old animals, removal of the endothelium reduced the 50Hz 

relaxant response from 27 + 3% papavarine to 3 + 1%, p<0.001). In the 3 day old bronchi, 

removal o f the epithelium reduced the 50Hz relaxant response from 62 + 4% papavarine 

to 44 + 4%, p=0.005)[Figure 5.5].

Similar to the fetal animals, removal of the epithelium and endothelium had no 

significant effect on the pulmonary arterial and bronchial EFS responses o f the 0-3 day 

hypoxic pulmonary hypertension animals (Figure 5.6).

4) Neural mechanisms o f EFS-induced contraction and relaxation:

a) Contractile Mechanisms: Effect of Development.

The a-adrenoceptor antagonist, phentolamine, had the greatest effect on the EFS 

contractile response in the pulmonary arteries, reducing the contractile response by 73 ± 

4% when all groups were analysed together. This was significantly more marked in the 

fetal animals, being 90 + 7% of the response compared to 52 + 9% o f the contractile 

response in the 3 day old animals, p<0.05 (Table 5.1). The ai-adrenoceptor (as assessed 

by response to prazosin) was the major contributor to the a-adrenoceptor contractile 

response in the fetal animals being 98 + 2% of the total a-adrenoceptor response. The a i-
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adrenoceptor contribution decreased significantly with age to 54 + 9% of the total a - 

adrenoceptor response (assessed by phentolamine) in the adults, p=0.01 when compared 

to the fetal animals. Thus the a 2-adrenoceptor contribution to the a-adrenoceptor 

contractile response must be increasing with age, especially in the 14 day and adult 

animals. Table 5.1. Propranolol had no effect on the EFS contraction. There was also no 

significant cholinergic contribution to the pulmonary arterial EFS contractile response, as 

atropine had no effect on the pulmonary arterial EFS contraction.

In the bronchi, the EFS contractile response was 99 + 0.2% reduced by atropine and thus 

was cholinergic in origin. This did not vary with age (Table 5.1).

b) Relaxation mechanisms: Effect o f Development.

Pulmonary arterial EFS relaxation was mostly absent, or if  present was extremely small in 

the fetal and 0-3 day hypoxic pulmonary hypertension animals and thus relaxation 

mechanisms were not able to be studied in these animals. In the 3, 14 day and adult 

animals, propranolol significantly decreased the pulmonary arterial EFS relaxation, 

reducing the relaxant response by 51 + 7% when the three groups were analysed together. 

Propranolol had a significantly greater effect in the 3 day old (74 + 12% reduction) 

animals compared to the adults (36 + 7% reduction), p=0.04. Table 5.2. Phentolamine 

had no effect in the 3 day old responses, however did reduce the 14 day and adult 

pulmonary arterial EFS relaxation by 25 + 4 and 14 + 3% respectively. Thus in the 3 day 

old animals, the response was predominantly via the P-adrenoceptor and in the 14 day 

and adult animals it was due to a combination o f a  and p-adrenoceptors. Atropine had no 

effect on the pulmonary arterial EFS relaxation (Table 5.2), suggesting that the remaining 

relaxation was non-adrenergic non-cholinergic in origin. When present, the pulmonary 

arterial EFS relaxation was endothelium dependent and was completely blocked by L- 

NAME indicating that it was due to nitric oxide release from the endothelium.

In the bronchus, the propranolol reduced the EFS relaxation by 33 + 3% when all groups 

were analysed together. There was significantly increased bronchial p-adrenergic 

relaxation in the 3 day old animals, where propranolol reduced the EFS relaxation by 48
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+ 4% compared to 29 + 8% in the fetal animals, p<0.05 (Table 5.2). The bronchial (3- 

adrenergic relaxation decreased again in the adult animals, where propranolol reduced the 

EFS relaxation by only 15 + 3% (Table 5.2). Phentolamine had no effect on the bronchial 

EFS relaxation. The Nitrertic (nitric oxide mediated) bronchial relaxation was 

significantly increased in the fetal (21 + 2%) compared to the 3 day animals (6 + 3%), 

p<0.05. The cholinergic contribution to the bronchial EFS relaxation was unable to be 

assessed, as atropine reversed the effect o f the carbachol, which had been used to pre

constrict the bronchi.

c) Effect o f Pulmonary Hypertension:

Contractile Mechanisms: Similar to the fetal animals, the a-adrenoceptor antagonist 

phentolamine had a significantly greater effect in the 0-3 day hypoxic pulmonary 

hypertension pulmonary arteries, reducing the EFS contractile response by 75 + 9% 

compared to 52 + 9% of the response in the 3 day old animals, p<0.05 (Table 5.1). The 

a  1-adrenoceptor (as assessed by response to prazosin) was the major contributor to the 

pulmonary arterial a-adrenoceptor contractile response in the 0-3 day hypoxic pulmonary 

hypertension animals being 83 + 8% of the a-adrenoceptor response.

Pulmonary hypertension had no effect on the bronchi EFS contractile response which was 

completely abolished by atropine and thus was cholinergic in origin. (Table 5.1).

EFS relaxant mechanisms: EFS relaxation was absent in the pulmonary hypertensive 

pulmonary arteries and thus was unable to be studied. Similar to the fetal animals, there 

was significant decrease in the bronchial EFS P-adrenergic relaxation in the 0-3 day 

hypoxic pulmonary hypertension animals, where propranolol reduced the EFS relaxation 

by 30 + 5%, compared to 48 + 4% in the 3 day old animals, p<0.05 (Table 5.2). The 

nitrergic (nitric oxide mediated) bronchial relaxation was significantly increased in the 0- 

3 day hypoxic pulmonary hypertension animals, being 18 + 3% compared to the 3 day 

controls (6 + 3%), p<0.05. This is again similar to the findings in the fetal animals.



141

Effect o f Tetrodotoxin:

Tetrodotoxin was 99 + 0.2% effective in obliterating the pulmonary arterial and bronchial 

EFS contractile responses, indicating that the EFS contractile responses were o f neural 

origin. Unfortunately, tetrodotoxin was not as effective in reducing the bronchial EFS 

relaxation response (being 88 + 2%) as it was in the contractile responses. Tetrodotoxin 

was 98 + 1% effective in reducing the EFS relaxation response in the rubbed bronchial 

rings suggesting that part o f the EFS bronchorelaxation was due to direct release o f 

bronchodilating substances from the epithelium (Table 5.2). Indomethacin had a greater 

effect to reduce the bronchial EFS relaxation in the 14 day old (48 + 6%) and adults (55 + 

8 %) compared to the fetal animals where it had no effect (0%) p<0.001, indicating that a 

greater portion o f the relaxation in the older animals was due to release o f prostaglandins 

from the epithelium. This effect o f indomethacin was not seen in the rubbed bronchial 

rings, confirming that it was blocking release o f bronchodilating substances from the 

epithelium in the unrubbed bronchi.

In the pulmonary arteries, tetrodotoxin was 87 + 1% effective in reducing the EFS 

relaxation response, suggesting that there was also EFS induced direct release of nitric 

oxide from the endothelium.

DISCUSSION

This study provides evidence that neural mechanisms are involved in adaptation to extra- 

uterine life and pulmonary hypertension, as bronchial and pulmonary arterial EFS neural 

contraction was increased, and relaxation was reduced in the fetal and pulmonary 

hypertensive animals.

The neural responses may in part be responsible for the very rapid changes in pulmonary 

arterial pressures and airway resistance seen clinically in young infants with pulmonary 

hypertension. We also found that post-synaptic adrenoceptor responses contribute 

significantly to the EFS induced contractile and relaxant responses in the pulmonary arteries 

and bronchi.
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EFS contractile changes:

a) Pulmonary arteries

In the pulmonary arteries, the increased EFS neural contraction in the fetal and pulmonary 

hypertensive animals was due to a combination o f decreased endothelial function and up- 

regulation of a  adrenoceptor mechanisms. In the older animals and in the normoxic 3 day 

old controls, removal o f the endothelium significantly increased the EFS contractile 

response indicating that release o f substances such as nitric oxide from the endothelium 

usually attenuate the EFS neural contractile responses and this was not occurring in the fetal 

and pulmonary hypertensive animals. MacLean (1993) also found that endothelium 

modulates EFS-induced contractions in rabbit pulmonary artery. Nitric oxide synthase 

inhibitor, L-NAME potentiated the EFS contraction not only via the endothelium but also 

through ai-adrenoceptor involvement. Similar results were found in human pulmonary 

arteries (Martinez, 1995). In our study, the a  and in particular the a l  adrenoceptors were 

more dominant in the EFS contractile response as indicated by the greater inhibitory effect 

o f prazosin and phentolamine in the fetal and pulmonary hypertensive animals compared to 

the 3 day old animals. Kadletz (1996) found that immature pigs demonstrated enhanced a- 

adrenoceptor mediated constriction compared with mature pigs. In hypoxic pulmonary 

hypertension in guinea-pigs, noradrenaline pulmonary arterial responses were significantly 

increased compared to the controls (Wu, 1991). Hypoxia in rats causes upregulation o f ai 

adrenoceptors and also causes a concomitant down regulation of (3 adrenoceptor density in 

pulmonary vessels (Jianming, 1991). In children with congenital heart disease, platelet a  

adrenoceptors were increased and p- adrenoceptors were decreased in children with left-to- 

right shunts, which are frequently accompanied by pulmonary hypertension (Dzimiri, 1995). 

This is similar to our current study.

b) Bronchi:

In the bronchi, the EFS contractile response was greater in the fetal animals and there was a 

trend toward increased contraction in the pulmonary hypertensive animals, compared to the 

3 ,14  day old and adult animals. Two possible explanations for this increased bronchial 

contraction include the presence of possible epithelial dysfunction in the fetal and
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pulmonaiy hypertensive animals, and decreased p-adrenoceptor mediated inhibition of 

cholinergic contractions. We found that removal of the epithelium significantly increased 

the bronchial EFS contraction in the 3 and 14 day old animals but not in the fetal and 

pulmonary hypertensive animals. This indicated that the epithelium releases bronchodilating 

substances that normally attenuate the EFS contractile responses and that this is absent in 

the fetal and pulmonary hypertensive animals due to epithelial immaturity or dysfunction. 

McFarland (2000) found that the epithelium is capable o f decreasing acetylcholine 

responses in canine perfused bronchi by producing an epithelium-derived factor, which in 

turn causes the release of a relaxant cyclooxygenase product from the airway segment. 

Aizawa (1994) found that airway epithelial cells inhibit excitatory cholinergic 

neurotransmission in the dog trachea by suppressing release of acetylcholine. In human 

bronchial tissue, procaterol, a p-adrenoceptor stimulant, reduced the amplitude of the 

contractions evoked by EFS by suppressing transmitter release from vagal nerve terminals 

through the p-adrenoceptor (Aizawa, 1991). Similar effects were seen in guinea-pig 

bronchial smooth muscle (Kamikawa, 1990). In our fetal and pulmonary hypertensive 

animals, there were less P-adrenoceptor mediated responses and hence reduction of this p- 

adrenoceptor inhibition could also have lead to increased cholinergic mediated bronchial 

contractile responses in these animals. Chitano (2000) also found that EFS maximum 

shortening velocity and maximum contractile power were significantly lower in adult 

guinea pigs compared to one week old animals. Murphy (1991) found that airway smooth 

muscle receptor and nonreceptor dependent contraction was 25-100% greater in 2 week old 

than 10 week old swine and was unrelated to morphological changes in airway smooth 

muscle mass. Increased excitatory responses to EFS stimulation was not seen in fetal pigs 

that were 95 days gestation when compared to young adult animals that were 40-65kg in 

body weight (Mitchell, 1990). The EFS contractions in Mitchell’s study were expressed as a 

percentage of maximum carbachol contraction, and in our current study were expressed as a 

percentage of Potassium chloride contraction. This difference in methodology or possibly 

the younger gestational age (our pigs were 110 days gestation) could explain this difference 

in results between the two studies. The effect o f pulmonary hypertension on bronchial EFS 

responses has not been previously reported.
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EFS relaxation responses:

In our study we found significant reductions in EFS mediated relaxation responses in both 

pulmonary arteries and bronchi in the fetal animals and during hypoxic pulmonary 

hypertension compared to the 3 and 14 day old animals.

a)Pulmonarv arteries:

In the pulmonary arteries we found that the EFS relaxation was reduced 36-74% by 

propranolol in the 3, 14 day old and adult animals. The EFS relaxation was absent or 

extremely small in the fetal and pulmonary hypertensive animals, and thus effect o f 

propranolol was unable to be studied in these animals. Hislop (2002) found that total (3 

adrenoceptor density increased with age in pulmonary arteries and bronchi in piglets. At 

birth intrapulmonary arteries showed no (3 adrenoceptor binding. p2 adrenoceptors appeared 

on day 1 and increased up to 14 days of age. Hypoxia from birth attenuated the normal 

postnatal increase in receptor number. Similarly in our study, pulmonary arterial EFS 

induced relaxation was reduced both in the fetal and hypoxic pulmonary hypertension 

animals and this may have been in part due to reduced (3 adrenoceptors. In our study the 

EFS relaxation was mediated by nitric oxide release from the endothelium as it was 

abolished by removal o f the endothelium and L-NAME. Persico (1993) showed that 

electrically induced relaxation is dependent on nitric oxide release by NK and p-receptors in 

rabbit aorta. In branch pulmonary arteries in the guinea pig, ATP induced nonadrenergic 

noncholinergic neural relaxation was greatly reduced by endothelial removal and L-NMMA 

(Liu, 1991), and adrenoceptor induced relaxation in porcine pulmonary arteries was 

endothelium dependent (Tulloh, 1994). Buga (1992) and Frank (1983) also found EFS 

elicited relaxation in bovine and rabbit pulmonary artery, which was neuronally 

independent, but endothelium and calcium dependent. However in our study the EFS 

relaxation responses were largely (87%) tetrodotoxin sensitive, indicating that they were 

mainly of neural origin. Unfortunately, 13% of the relaxation response in the pulmonary 

arteries from our study was also due to direct release o f nitric oxide from the endothelium. 

Endothelial dysfunction and impaired nitric oxide release was present in all our hypoxic
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pulmonary hypertensive animals as the acetylcholine induced relaxation responses were 

markedly impaired in these animals (chapter 4). Arrigoni (1999) found that although eNOS 

was present in the fetus, it was not active. By contrast, NOS activity at 5 min, 1, 3 and 14 

days of age was high with peak activity at 14 days o f age. Thus the pulmonary arterial 

relaxant changes observed in our study may be due to a combination o f altered adrenoceptor 

populations and impaired nitric oxide release by the endothelium,

b) Bronchi

In the bronchi, as in the pulmonary arteries, EFS relaxations were reduced in the fetal and 

pulmonary hypertensive animals compared to the 3 and 14 day old animals. Reduced EFS 

relaxation in fetal compared with 15 week old pigs was also observed by Mitchell (1990). 

Similarly Chitano (2002) found that EFS relaxation of guinea pig trachealis increases with 

age between 1 week and 3 month old animals. The effect o f pulmonary hypertension on 

bronchial EFS relaxation has not been previously studied. There was decreased bronchial |3 

adrenergic relaxation in the fetal and hypoxic pulmonary hypertensive animals compared to 

the 3 and 14 day controls in our study. Hislop (2002) found that the p adrenoceptor binding 

density in the bronchial epithelium increased significantly between birth and 14 days. 

Hypoxia from birth to 3 days o f age significantly reduced the total p and P2 adrenoceptor 

density on the bronchial epithelium compared to the normal 3 day old density. This 

reduction o f p adrenoceptors in the newborn and the hypoxic pulmonary hypertensive 

animals may partly explain the reduced adrenoceptor bronchorelaxation we observed in our 

animals as propranolol blocked one third of the bronchial EFS relaxation, indicating one 

third o f the response was p adrenoceptor mediated. Koto (1996) also found that IL-lbeta 

induced attenuation of isoproterenol bronchial relaxation in the rat through mechanisms 

involving reduction in p adrenoceptors, an increase in Gi (alpha) subunit, and a deficit in 

adenyl cyclase activity.

However in our study the more prominent inhibitory pathway was non-adrenergic. This is 

similar to previous studies on pigs (Mitchell, 1990), guinea-pigs and humans (Canning,

1993 & Richardson, 1976). Parasympathetic nonadrenergic-noncholinergic as well as 

adrenergic relaxations are present in the guinea-pig (Canning, 1993), whereas, in humans, 

only nonadrenergic-noncholinergic inhibitory control has been reported (Richardson, 1976).
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Hodgson (1994 & 1997) found greater inhibitory non-adrenergic non-cholinergic 

innervation in neonatal compared to adult trachealis muscle in pigs.

In this study we found that airway epithelium had considerable influence on EFS relaxation 

responses in that epithelial removal reduced EFS relaxation by one-third. Airway epithelium 

has previously been shown to influence airway smooth muscle tone through mediator 

release (Flavaham, 1985; DeJongste, 1987). Chitano (2002) also found that epithelial 

removal reduced EFS induced trachealis relaxation in adult guinea pigs. Also epithelial 

mediator release is most likely responsible for the 10-15% of the EFS relaxation response 

we observed that was not blocked by tetrodotoxin. Tetrodotoxin was more effective in the 

rubbed bronchial rings where it inhibited 98% of the EFS relaxation response, again 

supporting the observation that EFS unfortunately caused some direct release o f mediators 

from the epithelium. Fernandes (1994) also found that EFS of isolated guinea pig trachea 

resulted in mediator release that was not blocked by tetrodotoxin. The EFS caused release 

of prostaglandin (PG) D], PGE2 and PGF]a. The EFS-induced production o f these 

prostaglandins was significantly reduced in epithelium denuded tissues (Fernandes, 1994). 

We found that indomethacin had a greater effect on the bronchial EFS relaxation in the 

older animals compared to the fetal and pulmonary hypertensive animals. This suggests 

increasing involvement o f a cyclo-oxygenase product, such as PGE2 or prostacyclin, with 

increasing age. Both prostacyclin and PGE2 reduce airway smooth muscle tone and have 

antiproliferative effects on airway smooth muscle, although prostacycin (PGI2) is less potent 

than PGE2 (Barnes, 1998). Cyclooxygenase is the rate limiting enzyme in vascular PGI2 in 

fetal and newborn lungs (Brannon, 1998). Brannon investigated cyclooxygenase (COX) 

gene expression in fetal, 1 and 4 week old lambs and found that COX-1 gene expression 

was present in occasional epithelial cells in the fetal and 1 week old lambs, however in the 4 

week old lambs, a larger number of epithelial cells stained positively for COX-1. On airway 

smooth muscle, COX-1 was absent in the fetal and was present in the one week old lambs. 

Thus there appears to be an increase in cyclooxygenase expression with increasing age in 

the bronchi, and this may account for the greater inhibitory effect of indomethacin in our 

older animals. COX-1 and COX-2 is also present in the epithelial layer o f adult human 

bronchial biopsies (Demoly, 1997).
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Removal of the epithelium in the fetal and pulmonary hypertensive animals resulted in no 

significant change in the contractile or relaxant EFS response. This suggests a degree of 

epithelial immaturity or dysfunction in these animals. Bradykinin releases PGE2 from 

human airway smooth muscle cells via induction o f C0X2 (Pang, 1997). Bradykinin was 

used in this study to confirm absence of epithelial function in the rubbed bronchial rings.

The bradykinin relaxation responses in intact rings were decreased in the fetal and 

pulmonary hypertensive animals compared to the 3 day old animals, being 16 + 2% 

papavarine response in the fetal and pulmonary hypertensive animals compared to 27 + 6% 

papavarine in the 3 day old animals, p=0.04 (Chapter 3 & 4). Removal o f the epithelium 

also did not affect bronchial Endothelin-1 responses in the fetal/ newborn and 0-3 day 

hypoxic pulmonary hypertensive animals, whereas in all other age groups, removal o f the 

epithelium resulted in a 2 to 4 fold increase in Endothelin-1 induced bronchoconstriction 

(Chapter 3 & 4). This again supports the presence of some epithelial immaturity in the fetal/ 

newborn animals and some delay of epithelial maturation with delay in the production of 

epithelial bronchodilator substances by the hypoxic exposure in the 0-3 day hypoxic 

pulmonary hypertension animals.

The decrease in bradykinin response suggests that there is reduced release of PGE2 in the 

fetal/ newborn and pulmonary hypertensive animals. PGE2 inhibited EFS evoked 

acetylcholine release from parasympathetic nerves with up to 74% inhibition in guinea pig 

trachea by an interaction with prejunctional prostanoid receptors (Spicuzza, 1998). Thus 

decreased release o f PGE2 in the fetal animals may also contribute to the increased 

cholinergic EFS contractile response seen in these animals. The reduced epithelial release of 

PGE2 in these animals may also help account for the increased bronchial smooth muscle 

seen in these animals compared to the 3 day old animals (Chapter 2), because of loss of its 

antiproliferative effects. Further studies are required to determine if  this epithelial alteration 

in the hypoxic pulmonary hypertensive animals is due directly to the hypoxia or the result of 

the produced pulmonary hypertension.

Nitric oxide is the neurotransmitter of bronchodilator nerves in human airways (Barnes,

Med 1998). In our study nitric oxide synthase inhibitors had a significantly greater effect in 

the fetal and pulmonary hypertensive bronchi compared to the 3, 14 day old and adult
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animals. Connellan (1998) found that EFS relaxations were strongly inhibited by a nitric 

oxide synthase inhibitor in fetal pigs, however bronchial relaxations from 10 week old pigs 

were insensitive to nitric oxide synthase inhibition, but were abolished by propranolol, 

hnmunohistochemical studies have also shown that NOS immunoreactive nerves decrease 

with age in both pig (Buttery, 1995) and man (de Rada, 1993). The persistence of the 

nitrergic nerves in the 0-3 day pulmonary hypertensive animals compared to the 3 day old 

controls may be due to delayed adaptation changes caused by the pulmonary hypertension. 

Thus it seems that the changes in bronchial EFS observed in our study in the fetal and 

pulmonary hypertensive animals is due to modulation of several factors including altered 

neural mechanisms, altered receptor densities and altered epithelial function. In this study 

we also found reduced EFS bronchorelaxation in the adult animals. This may have been due 

to altered structural composition of the adult bronchi compared to the younger animals with 

increased cartilage and collagen.

Parallel responses and clinical relevance:

The results of this study provide further evidence for parallel responses in the pulmonary 

arteries and bronchi during development and pulmonary hypertension. We have 

previously seen co-constriction and co-hypertrophy o f bronchi and pulmonary arteries to 

Endothelin-1 in pulmonary hypertension. In this study we have now found parallel 

reductions in pulmonary arterial and bronchial EFS induced neural relaxation and 

evidence for parallel endothelial and epithelial dysfunction in the fetal and pulmonary 

hypertensive animals. The pulmonary arterial and bronchial excitatory EFS responses 

were also increased in the fetal animals, and during pulmonary hypertension, the 

pulmonary arterial EFS was markedly increased and there was a trend toward an increase 

in the bronchi. This increase in EFS neural excitation and decreased EFS neural 

relaxation in pulmonary hypertension emphasizes the need to avoid noxious stimuli by 

pretreating with narcotics such as fentanyl to avoid sudden neural vaso and broncho

constriction in these infants. Opioids reduce the cholinergic and non-adrenergic, non- 

cholinergic bronchoconstrictor responses to EFS in guinea pig, canine and human airways 

via mu-opioid receptors (Belvisi, 1992; Matran, 1989). Hickey (1985) found that brief
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endotracheal suctioning resulted in marked sudden increases in pulmonary arterial 

pressure and pulmonary vascular resistance, and these increases were almost completely 

abolished by 25mcg/kg fentanyl. Interestingly, loop diuretics also inhibit both cholinergic 

and excitatory NANC neurotransmission in guinea pig airways via inhibitory effects on 

the sodium-potassium-chloride co-transporter (Elwood, 1991) and phosphodiesterase 

inhibition potentiates inhibitory NANC nerves in guinea pig tracheal smooth muscle 

(Rhoden, 1990). Thus by pretreating infants with fentanyl before noxious stimulation, the 

use o f loop diuretics and phosphodiesterase inhibitors, some o f the effects o f the 

unbalanced neural responses in pulmonary hypertension can be reduced.

In conclusion, the reduction in contractile EFS neural responses and increased EFS neural 

relaxation in pulmonary arteries and bronchi after birth provides evidence for the role of 

neural responses in adaptation to extra-uterine life. Neonatal hypoxic pulmonary 

hypertension results in delayed adaptation and persistence o f the increased EFS excitatory 

and reduced EFS relaxation response in both bronchi and pulmonary arteries. These 

changes involve both altered post-synaptic adrenoceptor responses and altered endothelial 

and epithelial function. It emphasises the need to avoid painful stimuli in infants with 

pulmonary hypertension to avoid sudden vaso and broncho-constriction. Also, as this 

work shows that adrenoceptors appear to be involved in adaptation after birth, the 

adrenoceptors will be investigated in further detail in the next chapter.
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Table 5.1

Mechanisms o f  Electrical Field Stimulation (0.5 ms, lOHz, 25 V ) induced contraction in pulmonary arteries 
and bronchi. There is increased a  sympathetic activity in the fetal and 0-3 day hypoxic pulmonary 
hypertension animals compared to the 3 day old animals. (* p<0.05 when compared to the 3 day old  
animals.) N =  number o f  animals studied in each group. Values are % change from paired control ring + SE.

Electrical Field Stimulation induced Contraction 
(% Change from control response in the same ring)

Pulmonary Artery
N Prazosin Phentolamine 

10  ̂mol/1 10 mol/1
Propranolol 
10  ̂mol/1

Atropine 
10  ̂mol/1

Tetrodotoxin 
10^ mol/1

Fetal 10 i s s ±  7% >L90± 7%* 0 0 i  100 ± 0%

3 day 15 >L39± 8% \L 52± 9% 0 0 100 ± 0%

14 day 9 >L42± 4% >1̂ 68 ± 5% 0 0 J r 9 8 ± l %

Adult 11 4 ^ 4 7 ± 9 % i8 5 ± 4 % 0 0 i  98 ± 1%

0-3 day 
Hypoxia

12 4<62± 5% >L75± 9%* 0 0 \L 98± 1%

Bronchus
N Prazosin Phentolamine 

IQ-’ mol/1 10 *̂ mol/1
Propranolol 
10^ mol/1

Atropine 
10 *̂ mol/1

Tetrodotoxin 
10*̂  mol/1

Fetal 11 0 0 0 i  100% I  100%

3 day 15 0 0 0 l 9 S ±  0.5% 4- 100%

14 day 9 0 0 0 \L 98± 0.4% 4- 100%

Adult 10 0 0 0 >1. 98 ±  0.6% 4- 98 ±  1%

0-3 d 12 0 0 0 100% 4- 100%

Hypoxia
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Table 5.2

M echanisms o f  Electrical Field Stimulation (0.5 ms, lOHz, 25 V ) induced relaxation in pulmonary arteries 
and bronchi. Pulmonary arterial EPS relaxation was absent in most fetal and 0-3 hypoxic pulmonary 
hypertension animals and thus relaxation mechanisms were unable to be studied in these groups. The 
pulmonary arterial (3 adrenergic relaxation response decreased significantly with age, p=0.04 when 3 day 
compared with adult propranolol effect. There was increased bronchial Nitrertic relaxation in the fetal and 
0-3 day hypoxic pulmonary hypertension animals compared to the 3 day controls. (* p<0.05 when 
compared to the 3 day old animals.) There was also decreased bronchial P adrenergic relaxation in the fetal 
and 0-3 day hypoxic pulmonary hypertension animals compared to the 3 day controls. (* p<0.05 when 
compared to the 3 day old animals.) The number o f  animals studied is same as is shown in Table 5.1 
Values are % change from control response in the same ring ±  SE.

Electrical Field Stimulation induced Relaxation 
(% Change from control response in the same ring)

Pulmonary Artery
L-NAME Phentolamine Propranolol Atropine Tetrodotoxin 
10"‘ mol/l 10 ® mol/1 10 ® mol/1 10 ® mol/1 10 ® mol/1

Fetal - - - - -

3 day 100% 0 74 ± 12%* 0 ; 93 + 8%

14 day 100% 4̂  25 ±4% 37 + 9% 0 : 90 + 10%

Adult : 100% i  14 ±3% 36 + 7% 0 : 83 + 11%

0-3 d Hypoxia .

Bronchus

L-NAME Indomethacin 
10"* mol/1 10 ® mol/1

Propranolol 
10 ® mol/1

Phentolamine Tetrodotoxin 
10 ® mol/1 10 ® mol/1

Fetal 4 .2 1 + 2 % *  0 4- 29 ±  8% * 0 >L89 +  6%

3 day 4.6 +  3%  > L l6 ± 4 % 4 .4 8  ±  4% 0 \L 8 7 ±  5%

14 day 4.1 +  0.2%  48 ± 6 % 4- 32 ±  2% 0 >L93± 3%

Adult 4.8 ±  4%  iS5±  8% 4- 15 + 3% 0 4. 85 ±  5%

0-3 d Hypoxia i l8 ± 3 % * > L  13 +  3% 4. 30 ±  5% * 0 4 .8 8 ±  4%
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Figure 5.1
U pper Graphs: Electrical F ield  Stimulation response at increasing voltages o f  stim ulation in  an adult porcine 
pulm onary artery (PA ) and bronchus (Br).
Low er Graphs: E lectrical F ield  Stimulation response w ith increasing duration o f  stim ulation in an adult porcine 
pulm onary artery (PA ) and bronchus (Br).
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153Figure 5.2
Frequency response curves for Electrical Field Stimulation (0.5m s, 25 V) induced neural contraction in 
pulmonary arteries and bronchi from fetal, 3 day, 14 day and adult animals. Fetal pulmonary arterial and 
bronchial EFS contraction was significantly increased compared to the 3,14 day and adult animals.
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Figure 5.3
Frequency response curves for Electrical Field Stimulation (0.5m s, 25 V) induced neural relaxation in
pulmonary arteries and bronchi from fetal, newborn, 3 day, 14 day and adult animals. Fetal and newborn
pulmonary arterial and bronchial EFS relaxation was significantly decreased compared to the 3 and 14 day old
animals. Adult EFS bronchial relaxation was also significantly decreased compared to the 3 and 14 day old
animals. V alues are mean + s.e. „  \
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^ . 155Figure 5.4
Frequency response curves for Electrical Field Stimulation (0.5m s, 25 V ) induced neural contraction (upper graph) 
and neural relaxation (low er graph) in pulmonary arteries (PA) and bronchi (Br) from 0-3 day hypoxic pulmonary  
hypertension animals compared to 3 day old normoxic animals. Pulmonary arterial but not bronchial EFS contraction  
was significantly increased in the pulmonary hypertensive animals. EFS neural relaxation was impaired in both  
bronchi and pulmonary arteries in the pulmonary hypertensive animals compared to the 3 day old animals.
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Figure 5.5
Electrical Field Stimulation (0.5 ms, 50Hz, 25V ) induced neural contiaction was significantly  
increased, and neural relaxation was significantly reduced in epithelium  and endothelium  denuded 
preparations in the 3 day, 14 day and adult animals. This difference was not seen in the fetal animals, 
indicating a degree o f  epithelial and endothelial immaturity. The difference was also less marked in 
the adult animals. PA= pulmonary artery, Br = Bronchus * p<0.05 when denuded preparation 
compared to intact preparation. V alues are mean + SE
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Figure 5.6
Electrical Field Stimulation (0.5 ms, 50Hz, 25V ) induced neural contraction w as significantly  
increased, and neural relaxation was significantly reduced in epithelium  and endothelium  denuded 
preparations in the 3 day control animals. This difference was not seen  in the 0-3 day hypoxic 
pulmonary hypertension animals, indicating a degree o f  epithelial and endothelial dysfunction  
in pulmonary hypertension. Bronch =  Bronchus, PA =  Pulmonary artery * p<0.05 when denuded 
preparation compared to intact preparation. V alues are mean + SE
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Chapter 6 

Noradrenaline responses during maturation and hypoxic pulmonary 

hypertension in porcine pulmonary arteries, veins and bronchi.

IN TRO DU CTIO N

As described in the previous chapter, post-synaptic adrenoceptor responses were altered 

during development and pulmonary hypertension. There is increasing evidence that 

adrenergic receptors may contribute to the pathophysiological changes associated with 

pulmonary hypertension (Salvi, 1999). Adrenergic receptors are present in pulmonary 

arteries, veins and bronchi. Under physiologic conditions they help to regulate vascular 

tone and maintain adequate ventilation/ perfusion matching. Hypoxia increases arterial a i 

adrenoceptor density two fold whereas venocaval smooth muscle cells do not show any 

change in response to hypoxia (Eckhart, 1996). Upregulation o f a i adrenoceptors 

following hypoxia improves glucose entry into oxygen-starved smooth muscle cells and 

induces vasoconstriction o f resistance sized pulmonary arteries, thereby redistributing 

blood flow to regions o f the lung that are better ventilated (Salvi, 1999).

However, prolonged exposure to hypoxia increases the levels o f circulating 

noradrenaline, a potent agonist for a j adrenoceptors, by increasing the rate o f gene 

transcription for noradrenaline synthesis (Millhom, 1997). The excessive stimulation of 

a i adrenoceptors produces increased smooth muscle contraction, in addition to increased 

smooth muscle proliferation by stimulating DNA and protein synthesis (Dempsey, 1991). 

Apoptosis is also inhibited by activation o f protein kinase C (Deszcynski, 1994). In 

addition to upregulation of a i adrenoceptors, hypoxia produces a concomitant down 

regulation o f (3-adrenoceptor density on pulmonary vessels (Jianming, 1991), shifting the 

balance further in favour of vasoconstriction and smooth muscle proliferation.

Other stimuli such as increased pulmonary arterial stretch by left to right cardiac shunts 

also increases expression o f a i adrenoceptors in vascular smooth muscle (Lundberg, 1997 

& Clemens, 1997). Similarly, increased local levels o f noradrenaline by ingestion of
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appetite suppressants or cocaine, can greatly enhance pulmonary smooth muscle 

contraction and proliferative responses (Salvi, 1999).

As pulmonary arterial smooth muscle is involved, it is possible that there are parallel 

changes in bronchial adrenoceptor populations and responses. The aim o f this study is to 

examine the effect o f normal development and hypoxic pulmonary hypertension on a  and 

P adrenoceptor responses in isolated porcine pulmonary arteries, pulmonary veins, and 

bronchi. Noradrenaline is potent a  and p adrenoceptor agonist and is frequently used 

clinically to induce systemic vasoconstriction, raise systemic vascular resistance and 

elevate systemic arterial pressure. Its effects on pulmonary arteries during normal 

development and pulmonary hypertension would be o f great interest clinically to ensure 

pulmonary blood flow is not adversely affected when noradrenaline is administered by 

infusion. Noradrenaline is also a potent bronchodilator and has some vasodilator actions, 

thus a study o f noradrenaline responses would allow further investigation o f vaso and 

bronchorelaxation responses during adaptation and pulmonary hypertension. Due to its 

use clinically to raise systemic vascular resistance, femoral artery noradrenaline responses 

will also be examined and compared to the pulmonary artery responses in the same 

animal to study the relative effects of noradrenaline on the systemic and pulmonary 

arteries. To better investigate the p adrenoceptor dilator responses, the p agonist, 

salbutamol will also be studied. As dopamine hydrochloride is usually used as first-line 

inotropic support before noradrenaline clinically, the effects o f dopamine on the 

pulmonary arteries will be examined and compared to the noradrenaline responses.

M ETHODS

To study the effects o f development on noradrenaline responses. Large White pigs were 

studied at 5 ages: fetal, 3, 6 and 14 days and adult. The fetal pigs were 110 (out of 115 

days gestation) days gestation (5 days preterm) and the adult tissue was obtained from a 

local abattoir.

To study the effect o f pulmonary hypertension on noradrenaline responses, newborn 

piglets were placed in a hypoxic-hypobaric chamber (50.8kPa, FiO] 0.096) and cared for in



160

an hypoxic environment for three days to induce neonatal pulmonary hypertension. To 

study the effect o f later onset pulmonary hypertension after a period of normal adaptation, 

three day old piglets were placed in the hypoxic-hypobaric chamber for three days and 

finally, to evaluate the effect o f increased duration o f hypoxia on the pulmonary 

hypertension, three day old piglets were placed in the hypoxic-hypobaric chamber for 

eleven days. Normoxic normobaric 3, 6 and 14 day old piglets were used as controls. 

Unless otherwise stated, 6 to 8 animals were studied in each group. Although the 

experimental groups were similar to that used in the Endothelin-1 study, different animals 

were used for this study.

The developmental and hypoxic-hypobaric pulmonary hypertension model and the basic 

pharmacology methodology are described in Chapter 2.

The protocols used in this chapter were:

UNoradrenaline Contractile Response:

To assess the contractile responses, a cumulative dose response curve to noradrenaline 

was performed in the pulmonary arteries, veins and bronchi at baseline resting tension in 

all age groups and all 3 pulmonary hypertension groups. The lowest concentration was 

10'^ mol/1. The next dose was only added after more than 3 minutes o f stable tension, up 

to a maximum of 10’"̂ mol/1 noradrenaline (Sigma Chemical Co. Dorset UK). 

Noradrenaline 10'^ mol/1 resulted in marked oxidative metabolites and a resultant 

secondary contractile response, and hence was discontinued. [The noradrenaline was 

freshly prepared fresh for each experiment and was dissolved in ascorbic acid 10'^ mol/1 

to prevent oxidation, and the remaining drugs were dissolved in distilled water.] To 

assess the relative strengths o f the contractions in the pulmonary circulation compared to 

the systemic circulation, femoral arteries were obtained from 5 fetal, 3 day, 14 day, 0-3 

day hypoxia and 3-14 day hypoxic pulmonary hypertension animals and cumulative dose 

response curves to noradrenaline were performed from baseline tension.



161

2) Noradrenaline Relaxation Response:

In a separate experiment, using tissue from the same animals, the relaxant response to 

noradrenaline was assessed. Pulmonary arteries, veins and bronchi from all age groups 

and all 3 pulmonary hypertension groups were studied. The baseline tone o f the 

pulmonary arteries was elevated with a submaximal concentration of U46619 1-5 x 10’̂  

mol/1 to approximately 50% of the KCl 40 mmol/l contraction. Similarly, the pulmonary 

veins were preconstricted with U46619 10'^^ to 10'^ mmol/l to approximately 50% of the 

KCL 40mmol contraction. The bronchi were preconstricted with carbachol 4-7x10'^ 

mol/1, again to approximately 50% of the KCl 40 mmol/l contraction. A noradrenaline 

cumulative dose response curve was then performed from 10'* mol/1 to 10"  ̂mol/1 

noradrenaline. Doses were added in one log mol/1 increments. Noradrenaline 10'^ mol/1 

resulted in marked oxidative metabolites, with no further relaxation and instead a 

secondary contractile response was seen, and hence was discontinued. Maximum 

relaxation was determined at the conclusion o f the experiment by using papavarine 10"'̂  

mol/1 and the noradrenaline relaxations were expressed as a percentage o f the papavarine 

response.

3) Mechanisms of Noradrenaline-induced Relaxation:

To determine the adrenoceptors involved in the noradrenaline-induced relaxation, 

pulmonary artery and vein rings from fetal, 3 day, 14 day, adult and 3-14 day hypoxia 

animals were preincubated for 20 minutes with either the p adrenoceptor blocker 

propranolol 10'^ mol/1 or the Œ] adrenoceptor blocker yohimbine 10"  ̂mol/1 (Sigma), 

before performing the noradrenaline cumulative dose response study from the elevated 

tension induced by preconstriction with U46619. In order to determine the relative 

contribution o f the endothelium to the relaxation, other rings from the same animals were 

rubbed before preconstricting them and then performing the noradrenaline dose response 

curve. Nitric oxide synthase inhibitor L-NAME 10"'̂  mol/1 (Alexis corporation. 

Nottingham UK) was used to determine if  the relaxation was due to release o f nitric 

oxide.

Bronchi from 3 and 14 day old animals were also studied using the same protocol, except 

that the bronchi were preconstricted using carbachol.
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4) Salbutamol Relaxations and Mechanisms:

To further evaluate the p-adrenoceptor induced relaxation, responses to salbutamol, a 

synthetic selective P-agonist, were evaluated in pulmonary arteries and bronchi from all 

age groups and all 3 pulmonary hypertension groups. Separate pulmonary arterial and 

bronchial rings were preconstricted with U46619 and carbachol respectively to 50% of 

the KCl 40mmol/l response as previously described. Salbutamol 10'^ up to a maximum of 

10'^ mol/1 (Sigma) was added. Maximum relaxation was determined by using papavarine 

1 mol/1 and the salbutamol relaxations were expressed as a percentage o f the 

papavarine response.

To further evaluate the pulmonary arterial mechanisms o f the p adrenoceptor induced 

relaxation, pulmonary artery rings from 3 and 14 day old animals were either rubbed to 

remove the endothelium or preincubated with the nitric oxide synthase inhibitor L-NAME 

10'"̂  mol/1, or propranolol 10'^ mol/1 before preconstricting them and then adding the 

Salbutamol.

5) Dopamine Pulmonary Arterial Responses:

Finally, as dopamine hydrochloride is often used clinically before noradrenaline is started, 

the effects o f development and hypoxic pulmonary hypertension on dopamine induced 

pulmonary arterial responses were evaluated at both baseline tension and in 

preconstricted vessels. A cumulative dose response curve to dopamine (Sigma Chemical 

Co. Dorset UK) was performed in the arteries, beginning at 10"̂  mol/1 up to a maximum 

of 10'^ mol/1. In this portion o f the study only the fetal, 3 day, 14 day, adult and 3-14 day 

hypoxic pulmonary hypertension groups were evaluated.

Data analvsis:

Contractile response was expressed as developed tension (in g) and as a percentage of the 

KCL 40mmol/l response. EC 50 values were individually determined for each ring with a 

linear regression computer program (Prism). Relaxation response was expressed as 

percentage relaxation from precontracted tension. The baseline determined by papavarine 

lO'"̂  mol/1, and IC50 was determined by the Prism IC50 computer programme. The effect 

o f development and hypoxic pulmonary hypertension on noradrenaline, salbutamol and 

dopamine induced contraction and relaxation in the arteries, veins and bronchi was
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determined using a general linear model with repeated measures. The fetal pigs were 

compared to the 3 day old animals; the 14 day old animals were compared to the 3 day 

pigs and adults. The hypoxic pulmonary hypertension groups were compared with their 

age matched normoxic controls. The effect o f removal o f the endothelium or epithelium, 

L-NAME and o f the adrenoceptor blockers propranolol and yohimbine were analysed 

using ANOVA and then the un-paired Student’s t-test, comparing test to control rings in 

each animal at the concentrations producing maximal responses.

RESULTS

Preliminary Studies

The KCL induced contractile responses of the pulmonary arteries, bronchi and pulmonary 

veins, and the acetylcholine and bradykinin relaxant responses were the same as those 

previously described in Chapter 3 and 4. (Table 3.1,4.1, 6.1 & 6.2)

The femoral artery KCL induced responses in the fetal, 3 and 14 day old animals were 0.8 + 

0.08, 1.3 + 0.17 and 1.1 ± 0.26 gm/mg respectively. The femoral artery KCl response was 5- 

9 times greater than the bronchial, 4-5 times greater than the pulmonary artery, and 2-3 

times greater than the pulmonary vein KCl response. The femoral artery KCl response was 

unaffected by hypoxic pulmonary hypertension, being 1.1 ± 0.35 gm/mg in the 3 -14 day 

hypoxic pulmonary hypertension animals (Table 6.1).

Responses to Noradrenaline: The effect o f development.

1). Contractile Noradrenaline Responses:

A contractile response to noradrenaline was seen in the pulmonary arteries in 100% fetal, 

28% 3 day, 50% 7 day, 71% 14 day old and 100% adults pigs. In the fetal animals, 

noradrenaline produced a dose dependent increase in tone at all doses. In other animals 

where a contractile response was seen, noradrenaline produced a dose dependent increase in 

tone up to 1 0 '  ̂mol/1  following which there was a plateau in the response or a relaxation in 

the 3, 7, 14 day and adult animals (Figures 6.1). The EC50 for noradrenaline was unaffected
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by age (Table 6.1). The fetal contractile response was significantly greater than that seen in 

the 3 ,6 , 14 day old and adult animals (Figure 6.1). The least contractile response was seen 

in the 3 day old animals.

The systemic femoral arteries produced a similar pattern of response to noradrenaline as the 

pulmonary arteries, however, the contractile response was 10 fold larger (when expressed as 

% o f KCl contraction, which was also greater in the femoral arteries). Noradrenaline 

resulted in a dose dependent contractile response up to 10'^ mol/1 following which there was 

a plateau or a relaxation response in the 3 and 14 day old femoral arteries, and again this 

plateau or relaxation phase at 10’"̂ mol/1 was absent in the fetal animals (Figure 6.1). When 

the pulmonary arterial contractile response was compared to the systemic femoral arterial 

response, the pulmonary arterial response was significantly less at all 3 age groups 

(P<0.001) reaching only a maximum of 31.6 + 7% of the KCl 40 mmol/l contraction in the 

fetal, compared to a maximum of 168 + 26% in the fetal femoral arteries. The noradrenaline 

ECso for was similar to that seen in the pulmonary arteries and was unaffected by age (Table 

6 .1).

A transient contractile response to noradrenaline was seen in the pulmonary veins in all age 

groups. The contractile response was maximal at 10'^ mol/1, following which a relaxant 

response occurred, including in the fetal animals (Figure 6.1 & 6.2). The contractile 

response to noradrenaline was significantly greater in the fetal pulmonary veins compared to 

the 3, 6, 14 day old and adult controls (Figure 6.1). The 3, 6, 14 day old and adult vein 

response were similar, with the least contractile response seen in the adults. Overall, there 

was a greater contractile response to noradrenaline in the pulmonary veins (41 + 12 % KCl 

40mmol/l) compared to pulmonary arteries (24 + 5% KCl 40mmol/l), p=0.01.

In the bronchi a small transient contractile response to noradrenaline was sometimes seen at 

low concentrations o f noradrenaline 10’̂  mol/1, (Figure 6.1 & 6.2). This transient contractile 

response was seen in 50% fetal, 11% of 3 day old and 14% of 6 day old animals. In contrast, 

no contractile response to noradrenaline was seen in the 14 day or adult bronchi. When a 

bronchial contractile response was seen, it was significantly increased in the fetal bronchi 

(20 + 1% KCl) compared with the 3 and 6 day old animals, where it was 4 + 1  and 6 + 1% 

KCL response respectively.
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2) Noradrenaline relaxation responses:

A relaxant response to noradrenaline was present in all pulmonary arteries, veins and 

bronchi at all ages except the fetal pulmonary arteries where no relaxant response was 

seen in 66% o f piglets. The magnitude of the relaxant response was similar when the 

rings were studied at baseline tension or were preconstricted, however the relaxant 

responses analysed and graphed are from the preconstricted rings. The noradrenaline 

maximum relaxation and IC50 values are shown in Table 6.2. The IC50 was unaffected by 

age or hypoxia.

Pulmonarv arteries:

The noradrenaline pulmonary arterial response was biphasic, often with a small 

contractile response initially followed by a relaxant response which was most marked at 

higher concentrations (10'^ and lO'"̂  mol/1) Figure 6.2. The pulmonary arterial 

noradrenaline relaxation response was very small in the fetal (5 + 3% papavarine) and 

significantly increased in the 3 day old animals (60 + 9% papavarine at lO'"̂  mol/1, 

p=0.001 [Figure 6.3]). The 3, 6,14 day and adult responses were very similar and all were 

significantly increased compared to the fetal relaxation responses (Figure 6.3).

Femoral arteries:

The systemic femoral arterv relaxation response, which was only seen at high 

concentrations of noradrenaline 10"̂  mol/1, was absent in the fetal animals, and was present 

in the 3 and 14 day old animals, being 20 + 7% papavarine in the 3 day and 21 + 8 % in the 

14 day animals. Similarly, the femoral artery acetylcholine 10"̂  mol/1 relaxation response 

was reduced in the fetal animals, being 7 + 3% papavarine, and increased to 15 + 6% in the 

3 day old animals, p=0.09. The pulmonary arterial acetylcholine relaxation response was 

also reduced in the fetal animals (25 + 4% papavarine) compared to the 3 day control 

pulmonary arteries where it was 44 + 3 % papavarine, p<0.001 (Table 3.1).

Pulmonarv veins:

In the pulmonary veins, the noradrenaline relaxant response was biphasic, with an initial 

contraction being followed by a relaxation at each concentration increment. At higher 

concentrations (noradrenaline lO'"̂  mol/1), a predominantly relaxant response was seen
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(Figure 6.2). The noradrenaline relaxant response was present in all groups in the veins and 

was not significantly affected by age (Figure 6.3).

Bronchi:

In the bronchi a dose dependent relaxant response was seen in all groups (Figure 6.2). The 

bronchial noradrenaline relaxation response was significantly less in the fetal (86 + 5% 

relaxation) compared to the 3, 6 and 14 day old animals (97 + 1% in 3 day at 

noradrenaline 10'"̂  mol/1, p=0.04 [Figure 6.3]). The adult bronchial response was similar 

to the fetal response and was also significantly reduced when compared to the 3, 6 and 14 

day old piglets Figure 6.3).

Noradrenaline relaxation and contractile mechanisms:

The noradrenaline relaxation response in the arteries and veins was abolished following 

removal o f the endothelium indicating that it is endothelium dependent, and it was 

blocked by L-NAME, suggesting the relaxation was due to release o f nitric oxide from the 

endothelium (Table 6.3, Figures 6.4 & 6.5). The addition of the (3-adrenoceptor antagonist 

propranolol 10'^ mol/1 significantly decreased the noradrenaline 10"̂  moFl relaxation in the 

arteries overall in all age groups by 49 + 8%. There was a significantly greater (3-receptor 

effect in the 3 day old animals, reducing the noradrenaline 10'"̂  mol/1 relaxation by 43 + 6% 

compared to the adult animals 22 + 15% p=0.05 (Table 6.3, Figures 6.4). In contrast, the ai  

adrenoceptor antagonist yohimbine had a significantly greater effect on the pulmonary 

arterial noradrenaline relaxations in the 14 day old and adult animals, reducing the 

noradrenaline 10""* moFl relaxation by 58 + 20% in the 14 day old animals and 80 + 20% in 

the adults compared to 2 + 1% in the 3 day old animals (p=0.001) Table 6.3, Figures 6.4. 

Yohimbine significantly reduced the pulmonary arterial noradrenaline contractile response 

in the adult (88 ± 6%) and 14 day (91 + 8%) animals but did not change the contractile 

response o f the 3 day or fetal pigs. Propranolol also did not affect the contractile response in 

the 3 day or fetal pigs, implying that the contraction was probably a i in origin in these 

younger animals, where as it was more a% mediated in the older animals. The noradrenaline 

pulmonary arterial contractile response of the 3, 14 day and adult animals was increased 101 

+ 10% by endothelial removal and increased 162 + 45% by L-NAME.



167

In the pulmonary veins, the pattern of response to propranolol and yohimbine was similar to 

that seen in the pulmonary arteries, although some aj  adrenoceptor effect was present 

earlier in the veins. In the 3, 14 day old and adult animals, noradrenaline lO'"̂  mol/1 

relaxations overall were significantly reduced by propranolol (57 + 10%). There was a 

significantly greater p-receptor effect in the 3 day old animals, reducing the noradrenaline 

10'^ mol/1 relaxation by 56 + 11% compared to 26 + 4% in the adult animals p=0.02. (Table 

6.3, Figure 6.5). Yohimbine had a significantly greater effect on the pulmonary vein 

noradrenaline relaxations in the 14 day old and adult animals, reducing the noradrenaline 

10'"̂  mol/1 relaxation by 60 + 13% in the 14 day old animals and 73 + 10% in the adults 

compared to 21 + 11% in the 3 day old animals (p=0.02) Table 6.3, Figure 6.5.

Yohimbine significantly reduced pulmonary vein noradrenaline contraction in 14 day (95 ± 

5%) and adult (87 + 9%) animals but not in 3 day old pigs (0% change), p<0.01.

L-NAME and rubbing increased noradrenaline contractile response in the veins of the 3,14 

day and adult animals by 156 + 64% and 100 + 10% respectively.

In the bronchi, the noradrenaline relaxation was completely abolished by propranolol, 

indicating that it is entirely mediated via p adrenoceptors (Table 6.3, Figure 6.6). 

Yohimbine and L-NAME had no effect on the bronchial relaxations. Removal o f the 

epithelium reduced the bronchial relaxations by 43 + 2% in the 3 day old animals and 56 

+ 6% in the 14 day old animals (Table 6.3, Figure 6.6).

Salbutamol relaxation responses and mechanisms:

Salbutamol induced p-adrenoceptor relaxation was absent in the fetal pulmonary arteries. 

The salbutamol relaxation response was present in the 3 day old animals and remained 

present in the 14 day old and adult groups (Table 6.4). However, the adult pulmonary 

arterial salbutamol 10'^ mol/1 response was significantly less than the 3, 6 and 14 day old 

responses being 13 + 6% papavarine in the adults and 28 + 3% in the 3, 6 and 14 day old 

animals, p=0.02. The salbutamol relaxation response in the arteries was completely 

abolished by propranolol indicating that it is p-adrenoceptor mediated. It was also absent
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following removal o f the endothelium, and the addition o f L-NAME, suggesting the 

relaxation was due to release o f nitric oxide from the endothelium (Table 6.4).

Compared to the maximal noradrenaline (10"  ̂mol/1) induced pulmonary arterial relaxations, 

maximal salbutamol (10'^ mol/1) relaxations were significantly smaller in the 3 and 14 day 

old animals being 32 + 3% papavarine for salbutamol and 62 + 5% for noradrenaline, 

p<0.01. This probably reflects the contribution of the a i  adrenoceptor relaxation to the 

noradrenaline relaxation response.

In the bronchi, salbutamol induced a dose dependent bronchorelaxation in all animals. The 

salbutamol (10'^ mol/1) relaxation response was significantly less in the fetal animals 

compared to the 3, 6 and 14 day old animals, being 17 ± 3% papavarine in the fetal animals 

and 47 + 4% in the 3, 6 and 14 day old animals, p=0.003. However in the adult animals it 

was significantly reduced again being 15 + 3% compared to the 47 + 4% in the 3, 6 and 14 

day old group, p=0.001 Table 6.4.

The bronchial salbutamol response was completely abolished by propranolol. Compared to 

the maximal noradrenaline (10"  ̂mol/1) induced bronchial relaxations, maximal salbutamol 

(10'^ mol/1) relaxations were similar in the 3 and 14 day old animals being 95 + 1% 

papavarine for salbutamol and 9 6 + 1 %  for noradrenaline. This suggests a pure p- 

adrenoceptor contribution to the noradrenaline bronchorelaxation response.

The effect of hvpoxic pulmonarv hvpertension on noradrenaline response:

Hvpoxic noradrenaline contractile response:

Neonatal 0-3 day hypoxic pulmonary hypertension significantly increased the pulmonarv 

arterial noradrenaline contractile response compared to the 3 day old normoxic controls 

(Figure 6.7). There was a trend towards an increased contractile response in the 3-6 day 

hypoxic pulmonary hypertension pulmonary arteries compared to the 6 day controls 

(p=0.1)[Figure 6.8], however the contractile response in the 3-14 day hypoxic pulmonary 

hypertension group and the 14 day controls was almost identical (Figure 6.9).

Hypoxic pulmonary hypertension had no effect on the 0-3 day and 3-14 day hypoxia 

svstemic femoral arterial responses (Figure 6.7 & 6.9). The maximum noradrenaline 

contractile response o f the 0-3 day hypoxia femoral arteries was unchanged compared to the
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3 day controls, and was still 6 fold greater than the maximum 0-3 day hypoxia pulmonary 

arterial response, being 175 + 16% in the femoral artery and 31 + 14% of the KCl 40 

mmol/l contraction in the pulmonary arteries (p<0.001). Similarly, the maximum 

noradrenaline contractile response of the 3-14 day hypoxia femoral arteries was unchanged 

compared to the 14 day controls, and was 11 fold greater than the maximum pulmonary 

arterial response, being 135 + 12% in the femoral artery and 12 + 3% of the KCl 40 mmol/l 

contraction in the pulmonary arteries (p<0.001).

Hypoxic pulmonary hypertension had no effect on the pulmonarv vein contractile response 

in any o f the 3 hypoxic groups studied (Figures 6.7, 6.8 and 6.9).

In the bronchi a small transient contractile response to noradrenaline 10'^ mol/1 was seen in 

50% of the hypoxic pulmonary hypertensive bronchi and 8% of the age matched controls 

(p=0.01) [Figures 6.7, 6.8 & 6.9]. Hypoxic pulmonary hypertension overall, (when all 3 

hypoxic groups were analysed together) significantly increased the bronchial contractile 

response, being 6.4 + 3% KCl response in the hypertensive animals compared to 0.4 + 0.2% 

KCl response in the age matched controls, (p=0.04). The greatest increase in the bronchial 

contractile response was seen in the 0-3 day hypoxic pulmonary hypertension group (Figure 

6.7).

Hvpoxic noradrenaline relaxant response:

Hypoxic pulmonary hypertension severely reduced the pulmonarv arterv noradrenaline 

relaxant responses in all three hypoxic pulmonary hypertensive groups studied.

Pulmonary hypertension reduced the relaxant response 5 fold, from 61 + 5 % papavarine 

response in the age matched controls to 12 + 3 % in the three hypertensive groups when 

all 3 groups are analysed together, p<0.001 (Figures 6.10 and 6.11).

The systemic femoral arterv relaxation response, which was seen at high doses (10'"̂  mol/1) 

was unaffected by hypoxic pulmonary hypertension, being 19 + 3% papavarine in the 3-14 

day hypoxic animals and 21 + 8 % in the 14 day controls. Similarly, the femoral artery 

acetylcholine 10"̂  mol/1 relaxation response was unaffected by hypoxic pulmonary 

hypertension, being 14 + 5% papavarine in the 3-14 day hypoxic animals and 12 + 4 % in 

the 14 day controls. In contrast, the pulmonary arterial acetylcholine relaxation response
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was completely abolished in the 3-14 day hypoxic pulmonary hypertension animals and was 

41 + 3 % papavarine in the 14 day control pulmonary arteries, p<0.001 (Table 4.1).

The noradrenaline pulmonarv vein relaxant response was unaffected by hypoxic pulmonary 

hypertension (Figures 6.10 & 6.11).

Hypoxic pulmonary hypertension significantly reduced the bronchial noradrenaline 

relaxant responses in all three hypoxic pulmonary hypertensive groups studied. Overall, 

pulmonary hypertension reduced the relaxant response by 15%, from 96 + 0.5 % 

papavarine response in the age matched controls to 82 + 4 % in the three hypertensive 

groups, p=0.001 (Figures 6.10 and 6.11).

Effect o f hvpoxia on noradrenaline relaxation mechanisms:

The addition of propranolol reduced the noradrenaline pulmonary arterial relaxation to a 

similar degree in the 3-14 day hypoxic pulmonary hypertension animals as in the 14 day 

controls. Table 6.3, Figure 6.4. However, 3-14 day hypoxia inhibited the normal 

development of ai  adrenoceptor dilatation in the pulmonary artery, with yohimbine 

reducing the noradrenaline relaxation by 1 + 1% in the pulmonary hypertensive animals 

compared to 58 + 20% in the 14 day controls, p=0.01 Table 6.3, Figure 6.4.

Hypoxic pulmonary hypertension did not alter the effect o f propranolol or yohimbine on the 

3-14 day hypoxia pulmonary veins compared to the 14 day controls. Table 6.3, Figure 6.5. 

The hypoxic pulmonary hypertensive bronchial noradrenaline relaxation responses were 

completely abolished by propranolol.

Effect o f hvpoxia an salbutamol relaxation:

The salbutamol induced pulmonary arterial relaxation was completely abolished by neonatal 

0-3 day hypoxic pulmonary hypertension and was severely reduced by 3-6 and 3-14 day 

hypoxic pulmonary hypertension. Overall hypoxic pulmonary hypertension reduced the 

salbutamol 10'^ mol/1 pulmonary arterial relaxation 10 fold, from 28 + 3 % papavarine 

response in the age matched controls to 2 + 1% in the three hypertensive groups, 

p<0.0001 (Table 6.4).
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Hypoxic pulmonary hypertension also significantly reduced the salbutamol 10’̂  mol/1 

broncho-relaxation overall by 36%, from 47 + 4 % papavarine response in the age 

matched controls to 30 + 4 % in the three hypertensive groups, p=0.01 (Table 6.4).

The effect of age at onset o f hvpoxia and duration of hvpoxia on noradrenaline response:

The most marked noradrenaline changes in the pulmonary arteries and bronchi were seen in 

the young 0-3 day hypoxic pulmonary hypertension group where both increased contractile 

and severely reduced relaxant responses were seen. Following a period of normal 

adaptation, 3-6 day hypoxic pulmonary hypertension still reduced the relaxation response to 

a similar degree to that seen in the 0-3 day hypoxia group, but no significant increased in 

noradrenaline contractile responses was seen. Increasing the duration of hypoxia by 8 days 

in the 3-14 day hypoxia group resulted in no further worsening o f the pulmonary arterial or 

bronchial changes (Figure 6.11).

Dopamine hvdrochloride pulmonarv arterial responses:

The dopamine pulmonary arterial responses generally mirrored the noradrenaline responses. 

The dopamine 10'  ̂mol/1 contractile response was significantly greater in the fetal 

pulmonary arteries, being 52 + 15% KCL compared to 1.3 + 1.3 % KCL 40 mmol/l 

response in the 3 day controls, p=0.01 [Figure 6.12]). In the 14 day and adult animals, the 

contractile response was slightly increased (7 + 3% KCL) compared to the 3 day old 

animals 1.3 + 1% KCL (p=0.1), however the contractile responses all remained significantly 

less than that seen in the fetal animals [Figure 6.12]. As was seen with the noradrenaline 

responses, 3-14 day hypoxic pulmonary hypertension did not affect the dopamine induced 

contractile responses. There was a trend towards a greater contractile responses to dopamine 

10’"̂ mol/1, being 49 + 18% compared to noradrenaline 10"̂  mol/1, which was 31.6 + 7% 

KCL 40mmol/l contraction, p=0.07.

Dopamine induced pulmonary arterial relaxation responses were significantly increased the 

3, 14 day old and adult animals compared with the fetal (Figure 6.12). The dopamine 

relaxation responses were of identical magnitude to that seen with noradrenaline. Hypoxic 

pulmonary hypertension (3-14 day hypoxia) markedly reduced dopamine 10"̂  mol/1
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pulmonary arterial relaxation responses from 48.4 + 9 to 9 + 5% papavarine response, 

p=0.01, (Figure 6.12).

DISCUSSION

This study provides evidence for the role o f noradrenaline in early adaptation to extra- 

uterine life and in the pathophysiology o f pulmonary hypertension.

Noradrenaline Contractile Response:

We found that noradrenaline had a significantly greater contractile effect in the pulmonary 

arteries, veins and bronchi of the fetal animals compared with the 3, 6, 14 day and adult 

animals. Noradrenaline may thus contribute to in-utero broncho and vaso-constriction. The 

pulmonary arterial contractile response was least in the 3 day old pigs, then increased again 

in the 6, 14 day and adult animals, however still remained significantly less than the fetal 

pigs. A similar reduction in noradrenaline response was seen in 1 and 7 day old lambs 

compared to preterm lamb then increased again in 21 day old lambs (Dunn, 1989). 

Noradrenaline is commonly used to pre-constrict rat conduit pulmonary arteries (Wanstall, 

1995) and produces a stable reliable contraction. In porcine conduit arteries, noradrenaline 

produced a concentration dependent increase in tone in all 10 day old and 5 week old 

animals, and 66% of 3 day old animals (Wilson, 1993). In this current study which used 

smaller 3*̂  ̂order (2"^ and 3"̂  ̂ intrapulmonary side branch) pulmonary arteries, noradrenaline 

did not produce a reliable contraction in the 3, 6 and 14 day old piglets. In myography 

studies examining pulmonary resistance arteries, noradrenaline has been found to be a 

pulmonary vasodilator and did not produce a contraction at all. Neild (1986) examined 

resistance pulmonary arteries from lung biopsies of children with congenital heart disease 

and high pulmonary blood flow and found that noradrenaline caused no constriction in 

concentrations up to 1 mmol/l. Similarly McCaffery (CNMC symposium, 2002) found that 

rabbit and human pulmonary resistance arteries produced a relaxation to noradrenaline both 

at baseline and in pre-constricted vessels using 16% oxygen in the myograph. Thus it is
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unlikely that the 95% oxygen used in this current study resulted in the failure of 

noradrenaline to produce a reliable pulmonary arterial contraction. Thus noradrenaline 

contractile responses vary according to the size of pulmonary artery studied, being less 

contractile in the smaller vessels. This was also seen in sheep (Kemp, 1997).

During early neonatal pulmonary hypertension (0-3 day hypoxia) in our study, 

noradrenaline had a significantly greater contractile effect in the pulmonary arteries and 

bronchi o f the hypoxic pulmonary hypertensive animals compared to the age matched 

normoxic controls. This increase was identical to that seen in the fetal pigs, suggesting that 

neonatal pulmonary hypertension delays the normal post-natal decrease in contractile 

response. However there was no significant increase in noradrenaline contractility in the 

animals who had been subjected to hypoxic pulmonary hypertension after a period of 

normal adaptation. Even in the 0-3 day hypoxic pulmonary hypertension animals, the 

maximum pulmonary arterial contraction only reached 31+7 % of the KCl 40 mmol/l 

contraction when exposed to noradrenaline 10"̂  mol/1, and in the bronchi, only a small 

transient contraction (10 + 4 % of the KCl 40 mmol/l contraction) occurred at noradrenaline 

10'^ mol/1. This is significantly less than the vaso and broncho-constriction observed due to 

Endothelin-1 in the same hypoxic pulmonary hypertension model (chapter 4), where the 

pulmonary arterial contractions reached 210 + 38% KCl 40 mmol/l and the bronchial 

contraction was 69 + 1 3 %  KCl 40 mmol/l contraction when exposed to Endothelin 10'^^^ 

mol/1. Thus Endothelin-1 produced a greater vaso and broncho-contriction during 

pulmonary hypertension, and the increased constriction was present in all three hypoxic 

pulmonary hypertension groups studied, not just in the neonatal group as for noradrenaline. 

Similarly, the stable Thromboxane A2 mimetic U46619, which was used to pre-constrict 

the vessels in this study, had a far greater contractile effect than noradrenaline, and was 

double that produced by Endothelin being 421 + 110 % KCl 40 mmol/l contraction for 

U46619 10"̂  mol/1 in the same 0-3 hypoxic pulmonary hypertension group (p=0.03). This is 

similar to McIntyre (1996) who also found that eicosinoid receptor stimulation with 

U46619 and prostaglandin F2 alpha produced the greatest maximal developed tension in 

pulmonary vascular smooth muscle in the rat compared to a i adreno-receptor stimulation.
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Noradrenaline induced contractile responses were unchanged or decreased in the pulmonary 

arteries in monocrotaline or hypoxia induced pulmonary hypertension in rats (Brown,

1998)(Wanstall, 1995)(Dhein, 2002). Thus the evidence for increased noradrenaline 

contractile responses in pulmonary arteries during pulmonary hypertension is present but is 

not strong.

Dopamine Compared to Noradrenaline:

In the current study, dopamine produced a trend toward increase constriction compared to 

noradrenaline in the fetal vessels but this difference did not quite reach statistical 

significance due to low numbers of animals (n=4) in the dopamine groups. McCaffery 

(2002) examined adrenaline, noradrenaline, dobutamine and dopamine responses and found 

that in rabbit and human pulmonary resistance arteries, the greatest relaxations were 

produced by adrenaline, and noradrenaline and the only constriction was seen with 

dopamine. In our study however, the dopamine relaxation response was identical to that 

seen with noradrenaline. Cheung (2001) found that in hypoxic anaesthetised piglets, 

dopamine increased pulmonary arterial pressure and pulmonary vascular resistance at all 

doses with no significant effect on systemic arterial pressure or systemic vascular resistance, 

resulting in a decreased systemic to pulmonary arterial pressure ratio. In contrast, adrenaline 

had no effect on pulmonary vascular resistance and only minimally increased pulmonary 

arterial pressure at very high doses (3.2 mcg/kg/min), increased cardiac index and did not 

change the systemic arterial pressure or systemic to pulmonary arterial pressure ratio, 

suggesting that dopamine may have a more detrimental effect on the pulmonary vasculature 

than adrenaline and noradrenaline in infants with persistent pulmonary hypertension o f the 

newborn.

Svstemic Femoral Arterial Response Compared to Pulmonarv Arterial Response: 

Noradrenaline produced a marked contractile response in the femoral arteries at all ages in 

our study. Age had no significant effect on the noradrenaline contractile response. This is 

similar to Matz (2001) who found no change in aortic noradrenaline induced contractions in 

young 9 week old rats compared to 20 week old adult rats. In our study, hypoxic pulmonary 

hypertension had no significant effect on femoral artery contractile response. Also in this
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study, we found that the systemic femoral arteries produced a far greater contractile 

response compared to the pulmonary arteries, and maintained a favourable systemic to 

pulmonary ratio even during hypoxic pulmonary hypertension. This is supported by Sassa 

(1997) who found that in infants with persistent pulmonary hypertension o f the newborn, an 

early increase in systemic mean arterial pressure with noradrenaline in addition to high 

frequency ventilation was beneficial. In an adult with acute pulmonary hypertension and 

right heart failure, noradrenaline stabilised systemic pressure and reduced pulmonary 

arterial pressure (Bertolissi, 2001). In anaesthetised patients with chronic pulmonary 

hypertension, noradrenaline increased the systemic to pulmonary arterial pressure ratio 

without a change in cardiac index and was considered preferable to phenylephrine for the 

treatment of hypotension in these patients (Kwak, 2002). Thus noradrenaline does not 

induce major contractile changes in the in the lungs and it appears to be safe to use 

noradrenaline to increase systemic vascular resistance without significant adverse effects on 

the pulmonary vasculature during pulmonary hypertension.

Noradrenaline contractile mechanisms:

Although the mechanism for noradrenaline contraction was not directly investigated in this 

study, contractile information gained while studying the relaxant mechanisms showed that 

in the young animals, the noradrenaline pulmonary arterial contraction was mainly due to a i 

adrenoceptors with yohimbine being ineffective in these animals, and in the 14 day and 

adult animals it was found to be largely due to ai  adrenoceptors, but some a j adrenoceptor 

contraction was also present. The effect o f maturation on pulmonary arterial contractile 

adrenoceptor responses has not been previously published. Tulloh (1994) found that in adult 

porcine intrapulmonary arteries, the noradrenaline contractile response was inhibited by 

prazosin or yohimbine, suggesting a combined a i and a i  adrenoceptor effect in adult pigs. 

Lee (1995) observed that the Œ] adrenoceptor agonist, clonidine, had a significant 

contractile effect on adult rabbit pulmonary arteries. Tulloh (1994) found that L-NAME or 

endothelium removal enhanced the noradrenaline contractile response, which we also 

observed in the current study. MacLean (1993) similarly found increased noradrenaline 

contraction after the addition o f L-NAME or endothelial removal in rabbit pulmonary
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arteries. Hypoxic pulmonary hypertension delayed the appearance of the functioning a i  

adrenoceptors in our 3-14 day hypoxia animals. In monocrotaline-treated adult rats, there 

was reduced noradrenaline responsiveness in the pulmonary arteries with no change in the 

a i adrenoceptors, which were mainly D and a i B (Dhein, 2002). Further studies are 

required to better evaluate the effect o f pulmonary hypertension on pulmonary arterial a  

adrenoceptor populations in younger animals.

Pulmonarv Vein Noradrenaline Contractile response:

In our study, the pulmonary venous contractions were transient at each concentration 

interval and were followed by a significant relaxation response. Back (2002) found that 

noradrenaline induced only negligible contractions of porcine pulmonary veins and this was 

balanced by a large release o f nitric oxide by the endothelium. In sheep, there was no 

significant change in sensitivity to noradrenaline between pulmonary arteries and veins 

(Kemp, 1997) whereas pulmonary vein noradrenaline contractile response was greater in the 

veins in our study. As in the pulmonary arteries. Yohimbine had a significantly greater 

effect on the pulmonary vein noradrenaline contractions in our 14 day old and adult animals 

compared to the 3 day old animals, where it had minimal effect. This suggests that the 

noradrenaline contractile pulmonary vein response is mainly a i in the young animals and 

combined a i and az in the older animals. Ohlstein, (1989) found that noradrenaline 

contractile response in isolated adult canine pulmonary veins was both a i and a% 

adrenoceptor mediated and did not examine responses in young animals. Endothelial 

removal and nitric oxide synthase inhibition increased the noradrenaline contractile 

response in the veins our study, which is similar to the findings of Back (2002).

Bronchial Noradrenaline Contractile response:

In the bronchi, a small transient contractile response was also seen at low concentrations of 

noradrenaline in the fetal and pulmonary hypertensive animals. A possible mechanism is 

Neurokinin A induced bronchoconstriction via tachykinin NK2 receptors, as adrenoceptor 

agonists induce upregulation o f NK2 receptors in airway smooth muscle (Katsunuma,

1999). This may be unmasked when p adrenoreceptor induced relaxation is impaired.
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However, the exact mechanism for this transient bronchoconstriction observed in our study 

is unknown at present and requires further investigation.

Noradrenaline relaxation responses:

In our study we found a significant increase in adrenoceptor mediated relaxation responses 

in both pulmonary arteries and bronchi of the 3, 6 and 14 day old animals compared to the 

fetal pigs. In the adults, the noradrenaline and salbutamol relaxation responses decreased 

again but still remained greater than that seen in the fetal pulmonary arteries. The 

pulmonary arterial noradrenaline relaxation response was |3 adrenoceptor mediated in the 

young animals, and in the 14 day and adult animals was both aj  and p adrenoceptor 

mediated. The salbutamol P adrenoceptor induced relaxation was completely absent in the 

fetal animals. Hislop (2002) found that total p adrenoreceptor density increased with age in 

pulmonary arteries and bronchi in piglets. At birth intrapulmonary arteries showed no 

endothelial p adrenoreceptor binding. P2 adrenoreceptors appeared on day 1 and increased 

up to 14 days of age.

In our study, the noradrenaline relaxation was mediated by nitric oxide release from the 

endothelium as it was abolished by removal of the endothelium and the nitric oxide 

synthase inhibitor L-NAME. Arrigoni (2002) found that endothelial nitric oxide synthase 

activity dramatically increased immediately after birth with peak activity at 14 days of age. 

This increase in nitric oxide synthase activity after birth may be partially responsible for the 

increase in p adrenoceptor relaxation between birth and 3 days of age in addition to 

increased p receptors.

In our study the a i  adrenoceptors played a greater part in the noradrenaline induced 

relaxation in the 14 day old and adult animals compared to the 3 day old pigs. Wilson 

(1993) also found no adrenoreceptor induced relaxation in fetal, 3 day old and in 50% of 

10 day old pigs, where as all 10 week and 15 week old pigs had ai  adrenorelaxation to 

noradrenaline. Thus there appears to be a maturational increase in ai  adrenorelaxation in 

porcine pulmonary arteries. Lee (1995) observed that the a% adrenoceptor agonist, clonidine 

elicited a significant dose-dependent vasodilatation in pre-constricted adult rabbit 

pulmonary arteries but did not examine responses in younger animals.
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Effect of hypoxic pulmonarv hypertension on adrenoceptor relaxation:

In our study, noradrenaline induced pulmonary arterial relaxation was severely reduced in 

all three hypoxic pulmonary hypertension groups including those exposed to hypoxia 

between 3 and 6 days. Hislop (2002) found that hypoxia from birth attenuated the normal 

postnatal increase in p adrenoreceptor density, but hypoxia from 3-6 days did not decrease 

receptor density in piglets. In children with congenital heart disease, platelet a  

adrenoreceptor density was increased and lymphocyte p adrenoreceptor density was 

attenuated by 27% in patients with left to right shunts which is associated with pulmonary 

hypertension. Plasma levels o f all three catecholamines noradrenaline, adrenaline and 

dopamine were also elevated in these patients (Dzimiri, 1995). In our study the 

noradrenaline relaxation was mediated by nitric oxide release from the endothelium. 

Endothelial dysfunction and impaired nitric oxide release was present in all our hypoxic 

pulmonary hypertensive animals as the acetylcholine induced relaxation responses were 

markedly impaired in these animals (chapter 4). Berkenbosch (2000) noted that neonatal 

hypoxia induced porcine pulmonary hypertension was associated with multiple disruptions 

in the nitric oxide pathway, with reduced pulmonary arterial endothelial nitric oxide 

synthase, altered guanylate cyclase activity and impaired cGMP-dependent mechanisms. 

Similarly, pulmonary endothelial nitric oxide synthase gene expression is decreased in fetal 

lambs with pulmonary hypertension. Thus the pulmonary arterial relaxant changes observed 

in our study may be due to a combination o f altered adrenoreceptor populations (decreased 

p adrenoceptor density) and impaired nitric oxide release by the endothelium.

Hypoxic pulmonary hypertension also delayed the normal maturational increased in a i  

adrenorelaxation in the 3-14 day hypoxia pulmonary arteries in our pigs. This has not been 

previously reported in the literature.

The salbutamol p adrenoceptor induced relaxation was completely absent in the early onset 

0-3 day hypoxic pulmonary hypertension, and was severely impaired in both the 3-6 and 3- 

14 day hypoxic pulmonary hypertension groups. In chronically hypoxic rats, isoprenaline 

vasorelaxation was also depressed (Priest, 1998). Houde (1993) found that in children with 

primary or secondary pulmonary hypertension, salbutamol, phentolamine and 

phenoxybenzamine were ineffective in reducing pulmonary arterial pressure. Thus p
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adrenoceptor induced relaxation appears to be completely inactivated during pulmonary 

hypertension. Whether the Œ] adrenoreceptors are as sensitive to hypoxic pulmonary 

hypertension as the P adrenoreceptors required further study and this would be better 

investigated using an adrenoreceptor agonist such as UK 14304 or clonidine to better 

distinguish between the ai  and p adrenoreceptor relaxation. This does not appear to have 

been previously investigated in the literature.

Femoral Arteries:

A relaxant response to higher concentrations (10'"̂  mol/1) o f noradrenaline was seen in the 

femoral arteries o f the 3 and 14 day old animals, but was absent in the fetal pigs. Nishina 

(1999) found that high dose (10'^ to 10'^ mol/1) noradrenaline induced a relaxation response 

in femoral arteries o f 10-200 day old rats and this was due to adrenoceptors. These 

responses were also found to be endothelium dependent and nitric oxide mediated. The 

absence o f a relaxant response in our fetal pigs may be due to a developmental delay in the 

appearance of systemic ai  adrenoceptors or decreased nitric oxide synthase activity in the 

fetal femoral artery. The acetylcholine induced relaxation was reduced in the fetal compared 

to the 3 day old femoral arteries, but this did not reach statistical significance in our study. 

Acetylcholine induced nitric oxide release was also present in fetal rat aorta at term, but the 

response was not compared to that o f older rats (Martinez, 1999). The presence or absence 

o f systemic aj  adrenoceptors in fetal animals has not been previously reported and requires 

further study.

The femoral artery noradrenaline relaxations were unaffected by 3-14 day hypoxic 

pulmonary hypertension. This suggests that once systemic az adrenoceptors relaxations are 

established, they seem to be unaffected by hypoxia. Similarly, the femoral artery 

acetylcholine induced relaxations were unaffected by hypoxia. Shaul (1993) also found that 

prolonged hypoxia attenuated endothelial nitric oxide production in rat pulmonary arteries 

but not in aortic segments.

Pulmonarv Veins:

In the veins, the noradrenaline relaxations were unaffected by development or hypoxic 

pulmonary hypertension. The relaxations were mediated by both az and (3 adrenoceptors 

and resulted in nitric oxide release by the endothelium. There was a greater a% adrenoceptor
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contribution to the relaxation in the older (14 day and adult) animals. The effect o f 

development and pulmonary hypertension on pulmonary vein noradrenaline relaxation 

responses and adrenoceptors has not been previously reported. Back (2002) noted that 

porcine pulmonary veins produced greater amounts o f nitric oxide than pulmonary arteries. 

Berkenbosch (2000) found that pulmonary vein endothelial nitric oxide synthase (NOS) was 

unaffected by 1-14 day hypoxic pulmonary hypertension in pigs, where as pulmonary 

arterial NOS was severely reduced. Also in fetal lambs with pulmonary hypertension 

produced by ligation of the ductus arteriosus showed impaired pulmonary arterial smooth 

muscle relaxation at the level of soluble guanylate cyclase, without affecting the ability of 

the pulmonary veins to relax (Steinhom, 1995). They also found that pulmonary veins from 

newborn sheep exhibited both baseline and stimulated release of nitric oxide, whereas the 

newborn pulmonary arteries demonstrated diminished release (Steinhom, 1993). These 

studies suggest that pulmonary vein endothelial function is unaffected by post-natal 

development and pulmonary hypertension and helps to explain the unaltered endothelium 

dependent noradrenaline pulmonary vein responses in our study.

Bronchi:

In the bronchi, as in the pulmonary arteries, noradrenaline relaxations were less in the fetal 

animals compared to the 3, 6 and 14 day old animals. Hislop (2002) found that the (3 

adrenoceptor binding density in the bronchial epithelium increased significantly between 

birth and 14 days. The density of the P2 adrenoceptors was greater than the Pi adrenoceptors 

at all ages and p2 adrenoceptors appeared to increase with age. The smaller number of p 

adrenoceptors in the fetal/newbom animals may explain the reduced adrenoceptor 

bronchorelaxation we observed in these animals, as it was completely blocked by 

propranolol, indicating it was all p adrenoceptor mediated. The density o f p adrenoceptors 

also increased after birth in rabbit bronchial smooth muscle and alveolar wall (Barnes,

1984). Preuss (1999) found a rapid increase in isoprenaline potency between birth and 2 

weeks of age in guinea pigs. Mitchell (1990) noted weak or absent electrical field 

stimulation induced airway relaxation (which is partially adrenergic in origin) in fetal pigs 

compared to 15 week old pigs. P-agonist stimulation increases fluid clearance from the lung
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by stimulating sodium transport (Minakata, 1998), and increases surfactant synthesis and 

release( Polak, 1992) indicating a developmental role for these p adrenoceptor changes in 

addition to relaxation.

In our study, epithelial removal reduced noradrenaline bronchorelaxation by 48%. Bronchial 

p adrenoceptors were also present on the epithelium in the pig (Hislop, 2002). This is in 

contrast to the human bronchi, where epithelium removal was without effect on the relaxant 

potency o f isoprenaline (Spina, 1998).

We found reduced noradrenaline bronchorelaxation in the adult animals. This may have 

been due to altered structural composition of the adult bronchi compared to the young. In 

chapter 2, morphometry of the adult bronchi showed that the amount o f cartilage was 

double that present in the 14 day old animals, which would make the adult bronchi much 

more rigid and unable to relax as well as those of the younger animals. However, in aged 

adult rats, noradrenergic innervation of the tracheobronchial tree was also reduced (Ricci, 

1997).

Noradrenaline relaxations were reduced by 15% in the pulmonary hypertensive animals 

compared to the age matched controls. Hislop (2002) found that hypoxia from birth to 3 

days o f age reduced the total p adrenoceptors on the bronchial epithelium and the epithelial 

density of the p2 adrenoceptors was significantly less than the normal 3 day old density.

This reduction o f p adrenoceptors in the hypoxic pulmonary hypertensive animals may 

explain the reduced adrenoceptor bronchorelaxation we observed in these animals, as the 

bronchorelaxation was all p adrenoceptor mediated. The effect o f pulmonary hypertension 

on bronchial relaxation has not been previously reported. The results in the airway however 

follow a similar trend to that seen in the pulmonary arteries.

In conclusion, the results of this study provides further evidence for parallel responses in 

the pulmonary arteries and bronchi during development and pulmonary hypertension. We 

have previously seen co-constriction o f bronchi and pulmonary arteries to Endothelin-1 in 

pulmonary hypertension, however this study has enabled us to examine the vaso and 

bronchodilator mechanisms and we have found parallel reductions in pulmonary arterial 

and bronchial adrenoceptor induced relaxation. It also provides evidence for a role for
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adrenoceptors in the adaptation to extrauterine life and during pulmonary hypertension, as 

the noradrenaline contractile response was increased and the relaxation response was 

impaired in the fetal and neonatal pulmonary hypertensive animals. Overall, the relaxant 

responses appear to be more significantly affected than the adrenergic contractile 

mechanisms. Due to the biphasic nature o f the pulmonary artery and vein noradrenaline 

responses curve, variation o f the concentration o f noradrenaline may result in a change 

from a constrictor to a dilator response, particularly at higher concentrations. The 

maturational appearance o f a i  adrenoceptors was delayed by hypoxic pulmonary 

hypertension and further study is required to determine the effect o f pulmonary 

hypertension on adrenoceptor mediated vasodilatation once it is already established in 

older animals. However due to the relative lack o f noradrenaline induced pulmonary 

vasoconstriction, and the marked systemic vasoconstriction, it appears safe to use 

noradrenaline to raise systemic vascular resistance and cardiac output in critically ill 

hypotensive infants and children with pulmonary hypertension.
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Table 6.1 Contractile responses to potassium chloride (KCL) 40m m ol/l and noradrenaline in pulmonary 
arteries, pulmonary veins and femoral arteries. The noradrenaline maximum tension was increased in the 
fetal pulmonary arteries and veins and 0-3 day hypoxic pulmonary hypertension pulmonary arteries. The 
ECso was not significantly affected by age or hypoxia. * =  p<0.05 when compared to 3 day old animals. 
V alues are mean ±  SE, N=number o f  animals.

N KCL 40mmol/l Noradrenaline

Pulmonary Artery

Gm/mg tissue Maximum Tension
(mg)

E C 5 0

(Log
mol/1)

Fetal 6 0.22 ± 0.04 110 ± 4 0 * 5 .1± 0 .1

3 day 6 0.15 ±0.01 6  ± 3 6 . 6  ± 0 . 1

14 day 6 0.23 ± 0.05 50 ± 2 0 6.4 ±0.1

Adult 6 0.28 ± 0 . 0 2 80 ± 1 0 5.6 ± 0 .2

0-3 day Hypoxia 6 0.25 ± 0.05 * 141 ± 5 0 * 5.6 ± 0.3

3-14 day Hypoxia 6 0.24 ± 0.03 28 ± 18 6 . 1  ± 0 . 1

Pulmonary Vein

Fetal 5 0.40 ± 0.07 330 ± 2 5  * 6.4 ±0.1

3 day 5 0.50 ± 0 .09 116±63 6.8 ±0.1

14 day 5 0.40 ±0.05 317 ± 3 3 6.9 ±0.1

Adult 5 0.31 ±0.04 172 ± 4 9 6.1 ± 0 .2

0-3 day Hypoxia 5 0.57 ±0.05 80 ±23 6.8 ±0.1

3-14 day Hypoxia 5 0.61 ± 0 . 1 0 303 ± 110 6.9 ±0.1

Femoral Artery

Fetal 4 0.80 ±0 .08 1547 ± 279 5.9 ±0.1

3 day 6 1.30±0.17 2564 ± 490 6.5 ± 0 .2

14 day 5 1 . 1 0  ±0 .26 3956 ± 900 6.1 ± 0 .2

0-3 day Hypoxia 4 1.32±0.19 2535 ± 402 6.4 ± 0.2

3-14 day Hypoxia 4 1.10±0.35 3497 ± 803 6.3 ±0.1
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Table 6.2 Relaxation responses to acetylcholine and noradrenaline in pulmonary arteries, veins and bronchi. 
The noradrenaline maximum relaxation was decreased in the fetal and hypoxic pulmonary hypertension 
pulmonary arteries and bronchi. The IC5 0  was not significantly affected by age or hypoxia. * =  p<0.05  
when compared to 3 day old animals, #  =  p<0.05 when compared to age matched controls. Values are mean +  
SE Number o f  animals studied is identical to that shown in Table 6.1.

Pulmonary Artery

Fetal 
3 day 
14 day 
Adult

Acetylcholine

(% Papavarine)

10'^ mol/1

2 5 ± 4 *
44 + 3 
4 1 + 3  
10 + 3

Noradrenaline

Maximum Relaxation I C 5 0

(% papavarine) (Log mol/1)

5 ± 3  * 
60 ± 9  
63 ± 7  
46 + 9

4.8 ± 0 .2  
5.5 ±0.1  
5.4 ± 0 .2  
4 .9 +  0.2

0-3 day Hypoxia 
3-14 day Hypoxia

8 ± 2 # 
0 #

8 ± 4 #  
24 + 6 #

4.6 ± 0 .2  
4 .9 +  0.2

Pulmonary Vein

Fetal 
3 day 
14 day 
Adult

10'^ mol/1

68 ± 7  
78 ± 2  
7 1 ± 3  
48 + 8

54 ± 9  
79 ± 1 0  
61 ± 13  
45 + 5

5.4 ±0.1
5.4 ± 0 .2  
5.8 ±0 .3  
5 .4+  0.1

0-3 day Hypoxia 
3-14 day Hypoxia

76 ± 3  
70 + 8

8 7 ±  15 
65 + 7

5.3 ± 0 .2  
5 .4+  0.1

Bronchus

Fetal 
3 day 
14 day 
Adult

8 6 ± 5  *
97 ± 1  
95 ± 1  
86 + 5

5.8 ±0.1
5.9 ±0.1
5.9 ± 0 .2  
5 .6+  0.2

0-3 day Hypoxia 
3-14 day Hypoxia

7 8 ± 8 #  
86 + 9 #

5.7 ±0.1 
5 .6+  0.2
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Table 6.3 M echanisms o f  Noradrenaline 10''̂  mol/1 induced relaxations in pulmonary arteries, veins and 
bronchi. In the pulmonary arteries and veins, the Noradrenaline relaxations were com pletely inhibited by  
removal o f  the endothelium or the addition o f  the Nitric Oxide Synthase inhibitor, L-NAM E. In the young 
animals, propranolol had a more profound effect to reduce the relaxations, where as Yohim bine had a 
greater effect in the 14 day old and adult animals. * p<0.05 when compared to 3 day old animals. Hypoxia 
inhibited the developm ent o f  a - 2  vasodilatation in pulmonary arteries # p= 0 . 0 1  when compared to 14 day 
old controls. -  signifies relaxation was to small to study.

NORADRENALINE RELAXATION
(% Reduction from paired control ring)

Pulmonary Artery
Rubbing L-NAME

lO"' moI/1
Propranolol
10'̂  moI/1

Yohimbine 
10  ̂mol/1

Fetal - - - -

3 day 4-95 + 1% 4-79 ±  15% 4- 43 ±  6% 4-2 + 1%

14 day 4- 94 ±  2% 4-89 ±14% 4-39 ± 16% 4-58 + 20%

Adult 4-91 ±  2% 4-91 ±2% 4-22 ±  15% 4- 80 ±  20%*

3-14 day Hypoxia 4-72 + 3% 4- 93 ±  2% 4- 28 ±  9% 4- 1 ± 1%#

Pulmonary Vein
Rubbing L-NAME 

10"" mol/1
Propranolol 
10^ mol/1

Yohimbine 
10'^ mol/1

3 day 4-93 + 1% l 92±  1% 4-56 ±  11% 4-21 ±11%

14 day 4-91+2% 80+16% 4-69 + 15% 4-60 ±  13%

Adult 4-91 + 1% >L88±11% 4-26 ±4% * 4- 73 ±  10%*

3-14 day Hypoxia 4-91 ±2% \LS2± 10% 4-43 ±20% 4- 54 ±  7%

Bronchus
Rubbing L-NAME

lO"* mol/1
Propranolol 
10’̂  mol/1

Yohimbine 
10  ̂mol/1

3 day \L43± 2% 0 i  100 ±0% 0

14 day Jr56± 6% 0 i  100 ± 0% 0
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Table 6.4

The effect o f  normal developm ent and hypoxic pulmonary hypertension on salbutamol 10 '' mmol/1 induced 
relaxation in pulmonary arteries and bronchi. Salbutamol induced relaxation was absent in the fetal 
pulmonary arteries, and was significantly reduced in the adults compared to the 3 and 14 day old animals 
#p=0.05. Salbutamol induced relaxation was severely reduced in the pulmonary arteries in all three 
pulmonary hypertensive groups *p<0.04. Bronchial salbutamol induced relaxation was also significantly 
impaired in the fetal, adult animals compared to the 3 and 14 day old animals. Pulmonary hypertension 
significantly reduced the salbutamol broncho-relaxation (p= 0 .0 1 ) when all three hypertensive groups are 
analysed together and are compared to the age matched controls. 0  =  com plete abolition o f  relaxant 
response. Values are mean + SE
# =statistically significant when compared with 3 day control.
* ^statistically significant when compared with age matched normoxic control.

RELAXATION 
(% Papavarine 10^ mol/1 + SE)

Pulmonary Artery
Salbutamol 10'  ̂mol/1 Salbutamol 10'  ̂mol/1

+PropranoloI +Rubbing +L -N A M E

Fetal 0 #p=0.001
3 day 25 ± 6
6 day 23 ± 6
14 day 34 ± 5
Adult 1 3 ± 6 #p=0.05

0-3 day Hypoxia 0 *p=0.001
3-6 day Hypoxia 5 ± 3 *p=0.04
3-14 day Hypoxia 3 ±  1 *p<0.001

Bronchus
Salbutamol 10 i

Fetal 17 + 3 #p=0.01
3 day 51 ± 8
6 day 4 0 ± 7
14 day 47 ± 8
Adult 15 + 3 #p=0.01

0-3 day Hypoxia 35 + 11 *p=0.04
3-6 day Hypoxia 3 0 ± 4
3-14 day Hypoxia 25 + 4 *p=0.02
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Figure 6.1
Contractile concentration-response curves for Noradrenaline (log mol/1) in pulmonary arteries, femoral arteries, 
pulmonary veins and bronchial rings in Fetal, 3 day old, 14 day old and adult pigs. The fetal tissue produced a 
greater contractile response compared with the 3 day old animals except in the femoral arteries.
Values are mean + s.e. 100
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F ig u r©  6.2 Representative tracings o f  Noradrenaline dose response curves from a 14 day old normoxic control piglet. 
Arrows indicate Noradrenaline doses in log mol/1.
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Figure 6.3
Relaxant concentration-response curves for Noradrenaline in pulmonary arterial, pulmonary venous and 
bronchial rings o f  the fetal, 3 day old, 14 day old and adult pigs. The fetal tissue produced a poorer relaxant 
response in the pulmonary arteries and bronchi compared with the 3 day old animals. The adult bronchial 
relaxant response was also significantly less than the 3 day and 14 day old responses. Values are mean + s.e.
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Figure 6.4 The effect o f  removal o f  the endothelium, L-NAM E lO "* mol/1, Propranolol 10'^ mol/1 and 
Yohimbine 10'^ mol/1 on the noradrenaline (N A ) relaxant responses o f  the pulmonary arteries in the 3 and 

14 day old, adult and 3-14 day hypoxia pigs. V alues are means ±  s.e.m ean. * =  p<0.05 when compared to 
baseline noradrenaline response.
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Figure 6.5 The effect o f  removal o f  the endothelium, L-NAM E 10'"̂  mol/1, Propranolol 10'  ̂ mol/1 and 
Y ohim bine 10'^ mol/1 on the noradrenaline (N A ) relaxant responses o f  the pulmonary veins in the 3 and 14 

day old, adult and 3-14 day hypoxia pigs. V alues are means + s.e.m ean. * = p<0.05 when compared to 
baseline noradrenaline response.
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Figure 6.6 The effect of removal of the epithelium, L-NAME lO"* mol/1, Propranolol 10'̂  mol/1 and
Yohimbine 10'̂  mol/1 on the noradrenaline (NA) relaxant responses of the bronchi in the 3 and 14 day old
pigs. Values are means + s.e.mean. * = p<0.05 when compared to baseline noradrenaline response.
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Figure 6.7
Contractile concentration-response curves for Noradrenaline (log  mol/1) in pulmonary and femoral 
arteries, pulmonary veins and bronchial rings from the 0-3 day hypoxic pulmonary hypertension  
and 3 day old normoxic control groups. The pulmonary hypertensive tissue produced a greater 
contractile response in the pulmonary arteries and bronchi. Femoral arterial (FA ) responses were 
significantly greater than pulmonary arterial (PA) responses and were unaffected by hypoxic  
pulmonary hypertension. V alues are mean + s.e.
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Figure 6.8
Contractile concentration-response curves for Noradrenaline (log  mol/1) in pulm onary arteries, 
pulm onary veins and bronchial rings from  the 3 -6  day h ypoxic pulm onary hypertension and 6  day 
old norm oxic control groups. There w as a trend toward a greater contractile response in the 
pulm onary arteries in the pulm onary hypertensive tissue, but not in  the pulm onary veins or 
bronchi. V alues are m ean +  s.e.
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Figure 6.9 Contractile concentration-response curves for Noradrenaline (log  mol/1) in  
pulm onary and fem oral arteries, pulm onary veins and bronchial rings from  the 3 -14  day hypoxic  
pulm onary hypertension and 14 day control groups. H ypoxic pulm onary hypertension had no 
significant e ffect on the pulm onary arteries, veins or bronchi. Fem oral arterial (FA ) responses 
w ere significantly greater than pulm onary arterial (PA ) responses and w ere also unaffected  by  
hypoxic pulm onary hypertension. V alues are m ean + s.e.

Pulmonary & Femoral Artery
180

oral A

Tension 100 - 
(%KC1 80 ^
40 mmol/l)

160 -

120 -

-14d Hypoxia PA 
14dPA
-14d Hypoxia FA 

14dFA

Pulmonary A

150
- 8  “T

Pulmonary Vein
-6 5 -4

125 H 

100
Tension  
(%KC1 75
40 mmol/l)

50 

25 H 

0

- -♦ - 3-14 d H ypoxia  
 14 d Control / N S

100
-8

Bronchus
-7 -6 5 -4

80

_  . 60 Tension
(%KC1
40 mmol/l)

20

- -♦ - 3-14 d H ypoxia
— — 14 d Control

------T=-----  1 1------ - 1

} N S

-8 -7 -6 -5
Noradrenaline (log mol/1)

-4



196

Figure 6.10
R elaxant concentration-response curves for Noradrenaline in  pulm onary arterial, pulm onary venous and bronchial 
rings from  the 0-3 day hypoxic pulm onary hypertension and 3 day control groups. H ypoxic pulm onary  
hypertension significantly reduced the relaxant response in  the pulm onary arteries and bronchi com pared w ith  the 
3 day old  animals. V alues are m ean + s.e.
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Figure 6.11
R elaxant concentration-response curves for Noradrenaline in pulm onary arteries, pulm onary veins and 
bronchial rings from  the 3-6  day and 3-14 day hypoxic pulm onary hypertension groups com pared to the 6  

day and 14 day old  norm oxic control groups. H ypoxic pulm onary hypertension significantly reduced the 
relaxant effect in  the pulm onary arteries and bronchi in both hypoxic groups. V alues are m ean +  s.e.

20 -

P=0.01
40 -

Relaxation

60 -Papavarine

80 -

100
68 4■7 •5

Pulmonary Vein
0

20

40
Relaxation V

60Papavarine - -♦ - 3-14 d Hypoxia
 14 d Control

-  3-6 d hypoxia  
6 d control

N S

80

100
68 ■7 •5 4

Bronchus

20 -

40 -
Relaxation

60 -Papavarine

80 - P =0.04
p=0.05

100
6 48 ■57

Noradrenaline (log mol/1)



Figure 6.12 198
U pper panel: Contractile concentration-response curves for D opam ine in pulm onary arteries from  fetal, 3 day  
old, 14 day old, adult and 3 -14  day hypoxic pulm onary hypertension anim als. D opam ine contraction was 
significantly increased in  the fetal compared to the 3 day old anim als. 3 -14  day hypoxic pulm onary hypertensive 
had no significant effect.
L ow er panel: R elaxant concentration-response curves for D opam ine in pulm onary arteries from  fetal, 3 day old, 
14 day old, adult and 3-14 day hypoxic pulm onary hypertension animals. The fetal relaxant response w ere  
m arkedly reduced com pared to the 3 day old  animals. 3 -14  day hypoxic pulm onary hypertension also  
significantly reduced the D opam ine induced relaxant response com pared to the 14 day norm oxic controls. 
V alues are m ean + s.e.
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Chapter 7 

Endothelin-1 and noradrenaline responses in porcine pulmonary 

arteries and bronchi during recovery from hypoxic pulmonary 

hypertension.

IN TRODU CTIO N

In Chapters 4 and 6, the effects o f experimental hypoxic pulmonary hypertension on 

Endothelin-1 and noradrenaline responses were examined. Endothelin-1 produced 

significantly greater vaso and bronchoconstrictor responses in the hypoxic pulmonary 

hypertensive piglets compared to 3, 6 and 14 day old animals, and there was a loss of 

pulmonary arterial Endothelin-B receptor mediated vasodilatation during pulmonary 

hypertension. Noradrenaline contractile responses were mildly increased in the 0-3 day 

hypoxic pulmonary hypertensive animals and the noradrenaline relaxation responses were 

markedly impaired in the pulmonary arteries and bronchi in all 3 pulmonary hypertension 

groups. These changes would make these animals much more prone to marked episodes of 

vaso and bronchoconstriction.

Clinically, children with previous pulmonary hypertension, requiring admission to the 

intensive care unit still appear to have exaggerated airway reactivity if  they require 

readmission to the intensive care unit weeks to months later (personal observations). In 

infants requiring Extracorporeal Membrane Oxygenation (ECMO) for severe primary or 

secondary persistent pulmonary hypertension o f the newborn, 50 % of infants still 

required pulmonary medications after six months, despite ECMO utilizing a strategy o f 

lung rest to prevent lung injury (Garg (1992). Similarly at 12 month follow up o f infants 

who participated in the UK randomised ECMO trial, many o f whom had severe persistent 

pulmonary hypertension o f the newborn, 26% still had evidence o f reactive airways 

disease with cough and wheeze and 8% required regular pulmonary medications at one 

year o f age (UK Collaborative ECMO group. Pediatrics 1998). These changes could be 

due to the damaging effects of high pressure and high Fi0 2  mechanical ventilation 

received pre-ECMO (Dreyfuss, 1998), however the pulmonary hypertension may also
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have contributed to the findings. As the pulmonary changes have persisted for 12 months 

after ECMO (UK Collaborative ECMO group Pediatrics 1998) raises the question o f how 

long the effects o f pulmonary hypertension last. In rats, long term sequelae o f pulmonary 

hypertension have been described. Rats who had perinatal hypoxia and were then 

subjected to a second episode o f hypoxia in adulthood were found to be significantly 

more reactive to acute hypoxia during recovery from the second episode o f hypoxia 

compared to the rats who had not been subjected to neonatal hypoxia (H am pl, 1990).

The aim o f this study is to examine the effect o f 3 days of normoxic recovery on 

Endothelin-1 and noradrenaline pulmonary arterial and bronchial responses in piglets 

with hypoxic pulmonary hypertension. To better investigate the (3 adrenoceptor dilator 

responses, the p agonist, salbutamol will also be studied.

M ETHODS

To study the effects o f normoxic recovery from pulmonary hypertension on Endothelin-1 

and noradrenaline responses, the animals were first subjected to hypoxia to induce 

pulmonary hypertension. Piglets were delivered from 5 pregnant Large White sows which 

farrowed normally at term. Newborn piglets less than 2 hours of age, were placed in a 

hypoxic-hypobaric chamber (50.8kPa, FiO] 0.096) and cared for in an hypoxic 

environment for three days to induce neonatal pulmonary hypertension (as described 

previously in chapter 2). They were then allowed to recover in room air for 3 days. 

Initially, the piglets were returned to the mother, but as some animals got sat on by the 

mother and killed, subsequent animals were kept in a heated straw filled pen with a 

continuous supply of milk. Six day old normoxic littermates were used as controls, most 

of whom were also kept in a heated straw filled pen. In the second grouping, three day old 

piglets were placed in a hypoxic-hypobaric chamber (50.8kPa, Fi02 0.096) for three days to 

study the effect o f later onset pulmonary hypertension after a period o f normal adaptation, 

and were then allowed to recover in room air for 3 days. Normoxic normobaric 9 day old 

littermates were used as controls. In the third and final grouping, three day old piglets 

were placed in a hypoxic-hypobaric chamber (50.8kPa, FiO] 0.096) for 11 days to study the
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effect o f increased duration of hypoxia on the pulmonary hypertension, and were then 

allowed to recover for 3 days in room air. Normoxic 14-17 day old piglets were used as 

controls. As the 3-14 day hypoxia plus three day normoxic recovery animals were found 

to still have significant residual changes, a second group o f animals who had been 

subjected to hypoxia from 3-14 days o f age were allowed to recover for 6 days and 21 day 

old normoxic piglets were used as controls. The animals were killed with an overdose of 

pentobarbital sodium 1 OOmg/kg and the heart and lungs immediately removed and placed 

in cold modified Krebs-Ringer solution. The right ventricle was dissected free from the 

left ventricle plus septum (LV + S) and weighed and the ventricular heart weight ratio 

calculated. A 1cm cube o f lung tissue was obtained from one lower lobe and was placed 

in 10% formol saline for fixing and staining to measure the bronchial and pulmonary 

arterial smooth muscle as described in Chapter 2. The parallel intralobar second to third 

order intra-pulmonary arteries (1-2 mm diameter) and adjacent bronchi (2-3 mm 

diameter) from the other lower lobe were dissected free and mounted in the organ bath as 

described in Chapter 2. Potassium chloride 40mmol/l was used to assess the viability of 

the preparation, and endothelial function was assessed in all artery rings by observing the 

response to acetylcholine lO''  ̂mol/1. Vessel rings and bronchi were washed again with 

fresh aerated Krebs Ringer solution and equilibrated for 30 minutes before exposure to 

further pharmacological stimulation.

The protocols used were:

D A  cumulative contractile dose response curve to Endothelin-1 (ET-1) (Sigma Chemical 

Co. Dorset UK) was performed in the arteries and bronchi at baseline resting tension. The 

lowest concentration was 10'^^ M and the next dose was only added after more than 3 

minutes o f stable tension, up to a maximum of mol/1 ET-1.

2) Endothelin-1 Relaxation Response:

A separate experiment was then performed to assess the relaxant response to ET-1. The 

baseline tone o f the pulmonary arteries was elevated using submaximal concentrations of 

U46619 to approximately 50% of the 40mmol KCL contraction. An ET-1 cumulative 

dose response curve was then performed from 10'̂ ® mol/1 to 10'^ mol/1 ET-1. Maximum
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relaxation was determined at the conclusion o f the experiment by using papavarine 10'"̂  

mol/1 and the ET-1 relaxations were expressed as a percentage o f the papavarine 

response.

3) Cumulative contractile dose response curve to noradrenaline:

To assess the contractile responses to noradrenaline, a cumulative dose response curve to 

noradrenaline was performed in the pulmonary arteries at baseline resting tension. The 

lowest concentration was 10’̂  mol/1. The next dose was only added after more than 3 

minutes of stable tension, up to a maximum of 10’̂  mol/1 noradrenaline (Sigma Chemical 

Co. Dorset UK).

4) Noradrenaline Relaxation responses:

A separate experiment using different rings from the same animals, was then performed 

to assess the relaxant response to noradrenaline. The baseline tone o f the pulmonary 

arteries was elevated with a submaximal concentration o f U46619 1-5 x 10'^ mol/1 to 

approximately 50% of the KCl 40 mmol/1 contraction. The bronchi were preconstricted 

with carbachol 4-7x10'^ mol/1, again to approximately 50% of the KCl 40 mmol/1 

contraction. A noradrenaline cumulative dose response curve was then performed from 

10'^ mol/1 to 10'"̂  mol/1 noradrenaline. Doses were added in one log mol/1 increments. In 

preliminary studies, noradrenaline 10'^ mol/1 produced no further relaxation response, and 

showed signs o f marked oxidation, and hence the dose response was ceased at 10'^ mol/1. 

Maximum relaxation was determined at the conclusion of the experiment by using 

papavarine lO''̂  mol/1 and the noradrenaline relaxations were expressed as a percentage of 

the papavarine response.

5) Salbutamol Responses:

To further evaluate the (3 adrenoceptor induced relaxation, responses to salbutamol a 

synthetic selective (3-agonist, were evaluated. Separate pulmonary arterial and bronchial 

rings were preconstricted to 50% of the KCl 40mmol/l response as previously described 

and salbutamol 10"  ̂up to a maximum of 10'^ mol/1 (Sigma) was added. Maximum 

relaxation was determined by using papavarine 10'^ mol/1 and the salbutamol relaxations 

were expressed as a percentage o f the papavarine response.
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Data analysis:

Contractile response was expressed as developed tension (in g) and as a percentage o f the 

KCL 40mmol/l response. EC50 values were individually determined for each ring with a 

linear regression computer program (Prism) where maximum response was achieved. 

Relaxation response was expressed as percentage relaxation from precontracted tension. 

The baseline determined by papavarine lO'"̂  mol/1, and IC50 was determined by the Prism 

IC50 computer programme. The effect o f normoxic recovery on Endothelin-1, 

noradrenaline and salbutamol induced contraction and relaxation in the arteries and 

bronchi was determined using a general linear model with repeated measures. The 

hypoxic pulmonary hypertension plus three days normoxic recovery animals were 

compared with their age matched normoxic controls and the pulmonary hypertensive 

animals who had not been allowed to recover. The 3-14 day hypoxic pulmonary 

hypertension plus six days o f recovery animals were compared to 21 day old normoxic 

piglets. Heart weight ratio, animal weight and acetylcholine responses were analysed 

using the Student’s t-test with Bonferroni correction, comparing the recovery animals to 

the age matched normoxic controls.

RESULTS

Preliminary Studies

The potassium induced contraction of the 0-3 day hypoxic pulmonary hypertension 

pulmonary arteries and bronchi and 3-6 day hypoxia bronchi was increased by 20-40% 

compared to the age matched control animals (Table 7.1 [arteries] and 7.2 [bronchi], also 

reported in Table 4.1). The KCl induced contractile response was not significantly 

increased in the older 3-14 day hypoxia group. In the recovery groups, potassium induced 

contraction in the pulmonary arteries decreased compared to the pulmonary hypertensive 

animals and was not significantly different from the age matched normoxic controls. 

Similarly, in the bronchi, potassium induced contraction decreased compared to the 

pulmonary hypertensive animals and was not significantly different from the age matched 

normoxic controls in any o f the recovery groups (Table 7.2).
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Acetylcholine 10^ mol/1 relaxant responses of the pulmonary arteries were reduced by 75% 

during 0-3 and 3-6 day hypoxic pulmonary hypertension. More prolonged hypoxic 

pulmonary hypertension in the 3-14 day hypoxia group resulted in complete abolition o f the 

relaxant response and instead acetylcholine induced a contractile response. (Table 7.2 and 

Table 4.1) Following 3 days o f normoxic recovery, the acetylcholine relaxant response was 

fully recovered and comparable to that o f the age matched normoxic controls in the 0-3 days 

hypoxia plus 3 days recovery and the 3-6 days hypoxia plus 3 days recovery groups. 

Acetylcholine recovery was incomplete in the 3-14 days hypoxia and 3 days recovery 

animals and was still significantly reduced being 18 + 3 % of papavarine response 

compared to 35 + 4 % in the 17 day old normoxic controls (p=0.01). Following 6 days of 

normoxic recovery, the acetylcholine responses were no longer significantly different from 

the 21 day old normoxic controls (Table 7.2).

The heart weight ratio o f all the hypoxic pulmonary hypertension groups showed 

significant right ventricular hypertrophy due to a reduced left ventricular and septal to 

right ventricular heart weight ratio (Table 7.3). Following 3 days normoxic recovery, the 

heart weight ratio increased compared to the pulmonary hypertensive animals, but 

remained significantly reduced in all three recovery groups compared to the age matched 

normoxic controls, indicating significant residual right ventricular hypertrophy in the 

recovery animals. In the older 3-14 day hypoxia plus 6 day recovery animals, the heart 

weight ratio was also still significantly reduced compared to the 21 day old normoxic 

animals (Table 7.3). Animal weights of the pulmonary hypertensive animals were slightly 

smaller but not significantly different from the age matched normoxic controls (Table 

2.1). The recovery animals had gained weight compared to the pulmonary hypertensive 

animals and were slightly smaller but not significantly different from the age matched 

normoxic controls (Table 7.3). The male to female ratios were similar in the recovery and 

the normoxic control animals (Table 7.3). Each group had approximately equal numbers 

o f males and females.

Bronchial and pulmonarv arterial smooth muscle morphometry:

The pulmonary arterial smooth muscle was increased two fold in all three pulmonary 

hypertensive groups (Table 2.4). The pulmonary arteries o f the animals who had been
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exposed to 0-3 day hypoxic pulmonary hypertension and then were allowed to recover for 

3 days had significantly less smooth muscle than the 0-3 day pulmonary hypertensive 

animals, p=0.03. However, when the recovery animals were compared to the 6 day old 

controls, there was residual increased smooth muscle in the recovery animals, being 38.6 

±  5 pm^/pm luminal length in the recovery animals and 22 + 2 pm^/pm in the 6 day old 

controls, p=0.001 (Figure 7.1).

In the 3-6 day hypoxia plus 3 days recovery animals, pulmonary arterial smooth muscle 

had decreased and was not significantly different from the 9 day old controls (Figure 7.1, 

lower graph).

In the pulmonary arteries o f the 3-14 day hypoxia plus 3 days recovery animals, the 

smooth muscle was still markedly increased compared to the 14-17 day control animals, 

being 5 1 + 8  pm^/pm luminal length in the recovery animals and 33 + 5 pm^/pm in the 

controls, p=0.05, and was somewhat reduced but not significantly different from the 3-14 

day pulmonary hypertension animals (Figure 7.2 upper graph). Following 6 days 

normoxic recovery, there appeared to be increased pulmonary arterial smooth muscle 

compared to the 21 day controls, however there were only 3 animals in each o f these 

groups, and the difference did not reach statistical significance, p=0.1 (Figure 7.2 lower 

graph).

The bronchial smooth muscle was increased two fold in all three pulmonary hypertensive 

groups (Table 2.4). In the bronchi of all three pulmonary hypertension plus 3 day 

normoxic recovery groups, smooth muscle area was completely unchanged from the 

pulmonary hypertension animals and was still significantly increased compared to the age 

matched normoxic controls (p<0.001). Figure 7.1 & 7.2. The bronchial smooth muscle in 

the 3-14 plus 6 days recovery animals also had not changed from that seen in the 3-14 day 

pulmonary hypertensive animals, however the bronchial smooth muscle had increased 

significantly in the 21 day old animals compared to the 14-17 day old animals, being 14.7 

+ 2 pm^/pm luminal length in the 21 day old animals and 8.8 + 1 pm^/pm in the 14-17 

day old controls, p=0.05. Following 6 days normoxic recovery, there was still a trend 

toward increased bronchial smooth muscle compared to the 21 day controls, however this 

did not reach statistical significance p=0.1 (Figure 7.2 lower graph).
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The residual increased bronchial smooth muscle in the 3 day recovery animals can also 

seen in Figures 7.3, 7.4 and 7.5 where examples o f paired bronchial and pulmonary 

arterial rings from 6, 9 and 17 day old controls and the three hypoxic pulmonary 

hypertension plus 3 days normoxic recovery groups are shown. The smooth muscle is 

stained brown.

Contractile Responses 

Contractile Endothelin-1 responses:

In the pulmonary arteries and bronchi the dose dependent contractile response to 

Endothelin-1 increased two fold during hypoxic pulmonary hypertension in all three 

hypoxia groups, p<0.05 (Figures 7.6-8, also in Figures 4.1-3). Following 3 or 6 days of 

normoxic recovery, pulmonary arterial Endothelin-1 contractile responses had reduced and 

were not significantly different from the age matched normoxic controls when expressed as 

mg contraction (Table 7.1) or as a percentage o f KCl 40mmol/l response in all three groups 

(Figures 7.6, 7.7, 7.8 & 7.9).

In the 0-3 day hypoxia plus 3 days normoxic recovery bronchi, Endothelin-1 10’̂ ^  ̂mol/1 

contractile responses had not reduced from the pulmonary hypertension level and were still 

markedly increased compared to the 6 day old normoxic controls, being 74 + 23% KCl 

response in the recovery animals and 12 + 1 % KCl response in the 6 day old normoxic 

controls, p=0.03 (Figure 7.6). There was a trend toward a failure of recovery o f Endothelin- 

1 contractile responses in the bronchi of the 3-6 day hypoxia and 3 days recovery animals, 

which did reach significance when analysed as mg contraction (Table 7.2) but this did not 

reach statistical significance when expressed as % KCL response when compared to the 9 

day controls p=0.1 (Figure 7.7). However in the 3-14 day hypoxia plus 3 days recovery 

animals, the bronchial Endothelin-1 response was still significantly increased compared to 

the normoxic 14-17 day old controls, p=0.05 (Figure 7.8). Following 6 days of normoxic 

recovery, bronchial Endothelin-1 10'^^^ moEl response remained unchanged, however the 

21 day control Endothelin-1 response increased markedly compared to the 14-17 day old 

controls, so that the 6 day recovery and the 21 day control responses were now almost 

identical (Table 7.2 & Figure 7.9).
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Contractile Responses to Noradrenaline:

0-3 day hypoxic pulmonary hypertension significantly increased the noradrenaline 

contractile response compared to the 3 day old normoxic controls (Chapter 6, Figure 6.4 & 

7.6). There was a trend towards an increased contractile response in the 3-6 day hypoxic 

pulmonary hypertension group compared to the 6 day controls (p=0.1), and the contractile 

response in the 3-14 day hypoxic pulmonary hypertension group and the 14 day controls 

was identical (Figure 6.5, 6.6 & 7.7, 7.8). Following 3 or 6 days normoxic recovery, there 

was no significant difference in the noradrenaline contractile responses in the pulmonary 

arteries in the recovery animals compared to the age matched normoxic controls whether 

analysed in mg (Table 7.1) or expressed as a % of the KCL response (Figures 7.6, 7.7, 7.8 & 

7.9).

Endothelin relaxation responses:

Hypoxic pulmonary hypertension had a significant effect on the Endothelin-1 relaxant 

response in the pulmonary arteries. The 0-3 day and 3-14 day hypoxic pulmonary 

hypertensive pulmonary arteries failed to relax, and there was a marked reduction in the 

relaxations seen in the 3-6 day pulmonary hypertension group (Chapter 4, Figures 4.4, 4.5 

& Figures 7.10 to 7.12). Following 3 days normoxic recovery, the response seen was 

dependent on the age o f the animals. In the young animals exposed to 0-3 day neonatal 

hypoxia and then allowed to recover for 3 days, Endothelin 10'^ mol/1 relaxant responses 

appeared to have over-recovered and were significantly greater than the 6 day old 

normoxic controls, being 26 + 6% papavarine in the recovery animals and 7 + 2 % 

papavarine in the 6 day old controls, p=0.01 (Figure 7.10). Endothelin-1 relaxant 

responses were fully recovered in the 3-6 day hypoxia plus 3 days o f normoxic recovery 

animals and were not significantly different from the 9 day old control piglets (Figure

7.11). In the older 3-14 day hypoxia plus 3 days normoxia animals, recovery of 

Endothelin-1 10'^ mol/1 relaxant responses were delayed and were still significantly 

reduced compared to the 17 day normoxic controls, being 3 + 3% papavarine in the 

recovery animals and 24 + 6 % papavarine in the 14-17 day old controls, p=0.03 (Figure

7.12). Following 6 days o f recovery, the Endothelin-1 relaxant responses had recovered 

and were not significantly different from the 21 day control animals (Figure 7.13).
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Noradrenaline relaxation responses:

Hypoxic pulmonary hypertension severely reduced the noradrenaline ICT̂  mol/1 relaxant 

response in the pulmonary arteries 5 fold, to 12 + 3 % in the three hypertensive groups 

from 61 + 5 % papavarine response in the age matched controls, p<0.001 (Chapter 6 

Figures 6.7, 6.8 & 7.10 to 7.12). Noradrenaline relaxant responses were fully recovered in 

the 0-3 day hypoxia plus 3 days normoxia and 3-6 day hypoxia plus 3 days of normoxic 

recovery animals and were not significantly different from the age matched control piglets 

(Table 7.4, Figures 7.10 & 7.11). In the older 3-14 day hypoxia plus 3 days normoxia 

animals, recovery o f noradrenaline 10'"̂  mol/1 relaxant responses were delayed and were 

still reduced compared to the 14-17 day normoxic controls, being 43 + 7% papavarine in 

the recovery animals and 64 + 7 % papavarine in the controls, p=0.05 (Table 7.4 & Figure

7.12). Following 6 days o f recovery, the noradrenaline relaxant responses had recovered 

and were not significantly different from the 21 day control animals (Table 7.4 & Figure

7.13).

In the bronchi, hypoxic pulmonary hypertension again significantly reduced the bronchial 

noradrenaline lO'"̂  mol/1 relaxant responses overall by 15%, from 96 + 0.5 % papavarine 

response in the age matched controls to 82 + 4 % in the three pulmonary hypertensive 

groups, p=0.001 (Chapter 6, Figures 6.7, 6.8 & 7.10 to 7.12). Following 3 days o f 

normoxic recovery, noradrenaline bronchial relaxant responses were still impaired, except 

in the 3-6 day hypoxia and 3 day recovery group, where responses were not significantly 

different from the 9 day control animals (Table 7.4 & Figure 7.11). In the 0-3 day hypoxia 

plus 3 days recovery and 3-14 days hypoxia and 3 days normoxia animals, the 

noradrenaline bronchial relaxant responses were still significantly reduced by 10% and 

6% respectively compared to the age matched controls, p<0.03 (Figures 7.10 & 7.12). 

Following 3-14 days hypoxia and 6 days o f normoxic recovery, the bronchial 

noradrenaline 10"̂  mol/1 responses were still significantly impaired compared to the 21 

day normoxic controls, being 93 + 2% papavarine in the recovery animals and 99 + 0.6 % 

papavarine in the 21 day old controls, p=0.05 (Table 7.4 & Figure 7.13).
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Salbutamol relaxation responses:

Hypoxic pulmonary hypertension almost completely abolished the salbutamol induced (3 

adrenoceptor pulmonary arterial relaxation in all three hypoxia groups studied compared to 

the age matched normal controls (Chapter 6, Table 6.2 & Table 7.2). Following 3 days of 

normoxic recovery, salbutamol responses mirrored the acetylcholine responses. The 

salbutamol relaxant response had fully returned and was comparable to that of the age 

matched normoxic controls in the 0-3 days hypoxia plus 3 days recovery and the 3-6 days 

hypoxia plus 3 days recovery groups. Salbutamol 10'^ moFl relaxant response had not fully 

returned in the 3-14 days hypoxia and 3 days recovery animals and was still significantly 

reduced being 19 + 4 % of papavarine response compared to 37 + 3 % in the 14-17 day old 

normoxic controls (p=0.01). Following 6 days of normoxic recovery, the salbutamol 

responses were no longer significantly different from the 21 day old normoxic controls 

(Table 7.2).

In the bronchi, hypoxic pulmonary hypertension also significantly reduced the salbutamol 

10'^ mol/1 broncho-relaxation overall by 36%, from 47 ± 4 % papavarine response in the 

age matched controls to 30 + 4 % in the three hypertensive groups, p=0.01 (Chapter 6 

Table 6.2 & Table 7.2). Following 3 days of normoxic recovery, salbutamol responses 

mirrored the noradrenaline responses. The salbutamol bronchial relaxant response had fully 

returned and was comparable to that o f the age matched normoxic controls in the 3-6 days 

hypoxia plus 3 days recovery group. In the 0-3 days hypoxia and 3 days recovery group, 

there was a trend toward residual poorer relaxation responses, however this did not reach 

statistical significance, p=0.09. Salbutamol 10'^ mol/1 relaxation was still significantly 

impaired in the 3-14 days hypoxia and 3 days recovery animals, being 23 + 6 % of 

papavarine response compared to 47 + 8 % in the 14-17 day old normoxic controls (p=0.05) 

[Table 7.2]. Following 6 days of normoxic recovery, the salbutamol responses were still 

reduced, but were no longer significantly different from the 21 day old normoxic controls, 

p=0.1 (Table 7.2).
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DISCUSSION

In this study, piglets with hypoxia induced pulmonary hypertension were allowed to live in 

normoxia for 3 or 6 days before being sacrificed, to determine the rate o f reversal o f the 

pulmonary hypertensive changes and reappearance o f responses that are normal for age. The 

animals were considered to have recovered if  the responses were comparable to those o f the 

age matched normoxic controls. This study provides further evidence that the various 

changes observed during hypoxic pulmonary hypertension recovered at different rates, some 

rapid such as acetylcholine induced nitric oxide release, some slow such as reversal o f right 

ventricular hypertrophy and bronchial changes. Rate of recovery was also influenced by the 

severity of the changes during the pulmonary hypertension episode, recovery obviously 

being slower if the changes during pulmonary hypertension were more severe, and the age 

of the animal, with recovery being slower in the older animals. This is clinically important 

as some effects o f pulmonary hypertension persist for longer periods and may affect how 

patients react to subsequent illnesses and treatment. Schulz-Neick (2001) found that 

persistence of raised pulmonary vascular resistance following surgical repair of congenital 

heart defects resulted in significantly longer periods of post-operative mechanical 

ventilation.

Recoverv of structural changes:

Right Ventricular Hvpertrophv:

In our study, regression of right ventricular hypertrophy occurred slowly and was still 

incomplete after 6 days of normoxic recovery. The right ventricular weights were still 

increased in all the three day recovery groups and was also still increased after 6 days of 

recovery following 3-14 day hypoxia. In rats recovering from hypoxic pulmonary 

hypertension. Fried (1984) found that some features such as fall in pulmonary arterial 

pressure, decreased haematocrit and disappearance o f new muscle from alveolar wall 

arteries occurred rapidly over 48 hours. However other aspects such as decrease in right 

ventricular and arterial medial hypertrophy and reduction in lung volume occurred much 

more slowly. In rats with hypoxia induced pulmonary hypertension, regression o f the right
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ventricular weight to normal levels occurred after 3-4 weeks of normobaric recovery. The 

various morphometric indices o f the right ventricular papillary muscle returned toward 

control values at various periods o f time ranging from 3 to 9 weeks (Hung, 1988). Similar 

results were found by Hislop (1977) in rats.

Pulmonarv arterial and bronchial smooth muscle morphometrv:

In our study, regression o f increased pulmonary arterial smooth muscle also occurred 

slowly. In the 0-3 day hypoxia plus 3 days recovery animals, the arterial smooth muscle had 

reduced compared to the 0-3 day pulmonary hypertension animals, but was still significantly 

increased compared to the 6 day control animals. This slow recovery o f the pulmonary 

arterial mass was also seen and was even more marked in our 3-14 day hypoxia plus 3 days 

recovery animals. Even after 6 days normoxic recovery there was still a trend toward 

residual increased pulmonary arterial smooth muscle. In contrast, in the 3-6 day hypoxia 

plus 3 days recovery animals, pulmonary arterial smooth muscle had returned to baseline 

and was identical to that in the 9 day old normoxic controls. Tulloh/ Hislop (1999) assessed 

pulmonary artery medial hypertrophy during recovery from hypoxic pulmonary 

hypertension and found that pigs exposed to hypoxia between 0-3 days had a gradual 

decrease in medial wall thickness during recovery, but following 6 days o f recovery was 

still greater than normal for age. Whereas the animals exposed to hypoxia on days 3-6, 

medial wall thickness rapidly decreased and was normal for their age by 6 days. In animals 

exposed to hypoxia later from 14-17 days of age, wall thickness remained increased during 

the first three days o f recovery and then decreased so that the vessel walls were thinner than 

normal for age after 6 days of recovery. The pulmonary arterial smooth muscle 

morphometry performed in this current study found very similar results to Tulloh/ Hislop 

(1999), however in our 3-14 day hypoxia plus 3 or 6 days recovery animals, smooth muscle 

remained increased. This may reflect the longer duration of hypoxic exposure in our 

animals. Also Tulloh (1999) measured smaller pulmonary arteries than in this current study. 

Hislop found a similar regression of arterial wall thickness during normoxic recovery in 

rats. However, even after 8 of weeks recovery, some arteries had completely disappeared, 

suggesting they had become obstructed and obliterated, leaving some regions with relatively 

little perfusion (Hislop, 1977).
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In the bronchi, regression of the increased bronchial smooth muscle seen during pulmonary 

hypertension was even slower than in the pulmonary arteries. In all three hypoxia plus 3 

days normoxic recovery groups, bronchial smooth muscle mass was still identical to that 

seen in the corresponding pulmonary hypertensive animals. Even after 6 days recovery 

following 3-14 day hypoxia, bronchial smooth muscle had not changed in the recovery 

animals, and there was still a trend toward increased bronchial smooth muscle compared to 

the 21 day old controls. However, the bronchial smooth muscle had increased significantly 

in the 21 day control animals compared to the 14-17 day old controls. There is no previous 

published data on bronchial smooth muscle mass during recovery from pulmonary 

hypertension, however a developmental increase in bronchial smooth muscle with 

increasing age has previously been described. Hislop/Haworth (1989) examined airways 

from 17 normal infants from 22 week gestation to 8 months postnatal age, plus 3 young 

adults. The amount of bronchial smooth muscle relative to airway size increased with age 

in all types of airways up to the age o f 8 months. After this the relative amount present in 

the bronchi at 8 months o f age was not significantly different from that seen in the adult 

(Hislop, 1989). It is possible that our 21 day old animals were still undergoing a normal 

developmental increase in bronchial smooth muscle. The normoxic recovery animals 

appeared not to undergo any apoptosis or reversal o f the increased bronchial smooth 

muscle, but stayed static until, as the animals got older, the bronchial smooth muscle was 

normal for age again. Further studies are required to examine the effects o f longer periods 

o f normoxic recovery on bronchial smooth muscle.

Pulmonarv Arterial Contractile Responses:

Non-recentor mediated Potassium Chloride Contraction:

In our study, hypoxic pulmonary hypertension increased the KCl mediated contractile 

response in the pulmonary arteries and bronchi. In addition there was increased bronchial 

and pulmonary arterial smooth muscle mass in the pulmonary hypertensive animals. 

However the bronchial and pulmonary arterial smooth muscle mass remained increased in 

some of the recovery animals, but the KCl mediated contractile response decreased
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following 3 days of normoxic recovery and became similar to that seen in the normoxic age 

matched controls. Thus the increased non-receptor mediated contractility during pulmonary 

hypertension is unlikely to be related to increased smooth muscle mass. Bonnet (2002) 

found that using patch clamping techniques, hypoxic pulmonary hypertensive rat pulmonary 

arterial smooth muscle was depolarised (about 20mV) and had elevated calcium 

concentration indicating that voltage gated potassium charmel currents were decreased 

during pulmonary hypertension, and these changes were fully reversed after 3 weeks of 

normoxic recovery. Evans (1998) also measured K+ currents and membrane potentials of 

pulmonary artery myocytes in pigs during development and hypoxic pulmonary 

hypertension. Cells were depolarised at birth and hyperpolarized to the adult level within 3 

days. Hypoxia prevented the hyperpolarization when present from birth and reversed it 

when present from the third postnatal day. The effect of normoxic recovery was not 

examined in Evans study. It is possible that in our hypoxia pulmonary hypertension pigs the 

voltage gated potassium channel currents were decreased, allowing easier depolarisation, 

resulting in increased KCl non-receptor mediated contractility in these animals. The 

membrane potentials during normoxic recovery requires further study, and would be 

clinically important as delayed recovery of the membrane potentials may predispose infants 

recovering from persistent pulmonary hypertension of the newborn to respond to 

medication differently from normal with an exaggerated pulmonary vasconstrictor response.

Endothelin-1 and Noradrenaline Contractile Responses:

In our study, receptor mediated Endothelin-1 and noradrenaline contractile changes 

recovered rapidly in the pulmonary artery, having returned to levels similar to the age 

matched normoxic controls following 3 days of normoxic recovery. Karamsetty (2001) 

found that in hypoxic pulmonary hypertensive rats, Endothelin-1 protein and mRNA 

(including Endothelin-A receptor mRNA) had decreased to baseline levels after 3 days of 

normoxic recovery. Noguchi (1997) found that after 1 day of recovery following 0-3 day 

neonatal hypoxic pulmonary hypertension, the binding density of Endothelin-1 and 

Endothelin-A receptors (ET-A) was normal in elastic arteries but was still greater than 

normal in muscular arteries even after 6 days. Following 3-6 day hypoxic pulmonary
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hypertension, Endothelin-A receptor binding was similar to the age matched controls after 6 

days normoxia but was not tested after 3 days. Thus Endothelin-1 responses in pulmonary 

hypertension appear to recover rapidly and is consistent with the findings o f this study.

Pulmonarv arterial relaxation responses:

Pulmonarv arterial acetylcholine induced release of nitric oxide reappears rapidly in the 

younger 0-3 and 3-6 day hypoxia plus 3 days recovery animals and had returned to levels 

comparable to those seen in the age matched normoxic controls. In the older 3-14 days 

hypoxia and 3 days recovery animals, recovery was slower and was incomplete following 3 

days of normoxia. This is similar to the findings o f Tulloh (1999) who also found that 

acetylcholine relaxant response was normal after one day of recovery after 3-6 days hypoxia 

and also found delayed recovery of acetylcholine relaxation in the older animals exposed to 

hypoxia on days 14-17 of life. They found that acetylcholine relaxation occurred after 3 

days of recovery in the animals exposed to hypoxia from birth to 3 days o f age, but was not 

normal until 6 days of recovery. In our study, acetylcholine responses were normal in this 

age group after 3 days. This difference may partly be due to the different size and generation 

of pulmonary arteries, as Tulloh studied main conduit pulmonary arteries whereas this 

current study used a smaller generation of pulmonary artery side branches. Hislop (1997) 

found that on recovery after exposure to 3 days hypoxia from birth, there was a transient 

increase in endothelial nitric oxide synthase after 3 days o f recovery, mirroring that seen at 3 

days in normal animals. Shaul (1993) found that endothelial nitric oxide production had 

returned to normal by 3 days o f normoxic recovery in chronically hypoxic rats, and similarly 

Adnot (1991) found that acetylcholine relaxation rapidly recovers after 48 hours of 

normoxia. However Maruyama (1994) found that relaxation to high dose acetylcholine was 

still impaired after 56 days o f recovery in pulmonary hypertensive rats, and this was thought 

to be due to release of a cyclooxygenase-dependent production o f a vasoconstrictor, as the 

nitric oxide induced guanosine 3,5 cyclic monophosphate-dependent dilatation had returned 

to normal.
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There is no direct human data on recovery of endothelial nitric oxide synthase. Sartori 

(1999) noted that the mean increase in pulmonary artery pressure at high altitude was 

significantly greater in adults who had had perinatal pulmonary hypertension (from 26 + 2 

to 62 + 7 mmHg) than in controls (26 + 2 to 50 + 1 ImmHg). Inhaled nitric oxide decreased 

pulmonary artery pressure to a greater extent in the adults who had had transient neonatal 

pulmonary hypertension than in controls, suggesting a persistent defect in endothelial nitric 

oxide synthase contributing to a greater than normal vasoconstriction in these patients 

(Sartori, 1999). Interestingly, in newborn human infants with fulminant pneumonia, 

alveolar macrophage inducible nitric oxide synthase (NOS) immunoactivity was 

significantly decreased compared to non-infected infants in the first 48 hours after birth. 

NOS increased five fold during recovery in these infants, which occurred between 49 and 

96 hours. NOS also increased by 50% in the non-infected infants over the same time period 

(Aikio, 2000).

Endothelin-1 and Noradrenaline Pulmonarv Arterial Relaxation:

In chapters 3, 4 and 6 we reported that the Endothelin-1 and noradrenaline induced 

relaxation responses in the pulmonary artery are endothelium dependent and are abolished 

by the nitric oxide synthase inhibitor, L-NAME. This would explain why the recovery of the 

Endothelin-1 and noradrenaline relaxation responses mirrored the acetylcholine relaxation 

responses. The Endothelin-1 and noradrenaline relaxation responses rapidly recovered in 

the younger animals, however recovery was slower and incomplete in the older 3-14 day 

hypoxia plus 3 days recovery animals, but had returned to normal after 6 days of normoxic 

recovery, which is identical to our acetylcholine relaxant changes seen during recovery.

In the young animals, there appeared to be a temporary increase above normal o f the 

Endothelin-1 mediated relaxation responses in the 0-3 day hypoxia plus 3 days recovery 

animals, with the Endothelin-1 relaxation response being greater than the age matched 

controls. The increased relaxation response appeared to be compensating for the increased 

contractility, resulting in unique tracings in these animals with large contractile responses 

and also large relaxant responses. Noguchi (1997) found that after 1 day o f recovery 

following porcine neonatal hypoxic pulmonary hypertension, the binding density of
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Endothelin-A receptors decreased toward normal. Endothelin-B receptor binding density 

increased significantly after 1 day of recovery in the elastic arteries and was at similar levels 

to the age matched controls by 3 days following 0-3 day and 3-6 day hypoxic pulmonary 

hypertension (Noguchi, 1997). This increase in Endothelin-B receptor binding density 

correlates well with the rapid normalisation of Endothelin-1 relaxation responses seen in 

our younger animals. However the rapid normalisation o f Endothelin-1 relaxant responses 

may have also been due to recovery of endothelial nitric oxide release.

Maruyama (1994) found that relaxant responses to isoproterenol in pulmonary hypertensive 

rats had normalised completely after 3 days of recovery, which is in agreement with the 

findings in our younger, but not the older 3-14 day hypoxia animals where recovery took 6 

days.

Recoverv of Bronchial Responses:

The bronchial smooth muscle structural changes seen during pulmonary hypertension were 

slower to recover than the pulmonary arterial smooth muscle changes. Similarly in our 

study, recovery of bronchial responses to Endothelin-1 and noradrenaline mirrored the 

bronchial smooth muscle changes and occurred slower than the pulmonary arterial recovery, 

except in the 3-6 day hypoxia plus 3 days recovery group, where bronchial relaxation to 

noradrenaline had normalised. However even in these animals there was still a trend toward 

increased contractile responses to Endothelin-1. In the 0-3 day hypoxia plus 3 days recovery 

group, bronchial Endothelin-1 contractile responses were still increased and not 

significantly different from those of the 0-3 day pulmonary hypertension animals, and 

noradrenaline relaxation responses were still significantly impaired. Similarly, in the 3-14 

day hypoxia group, Endothelin-1 contraction was still increased and noradrenaline bronchial 

relaxation was still impaired after 3 days of normoxic recovery. Noradrenaline bronchial 

relaxation remained impaired even after 6 days o f normoxic recovery. Rates o f bronchial 

recovery have not previously been reported and require further study. As the reductions in 

bronchial relaxation after 3 or 6 days of recovery are relatively mild being 6-10% reduced 

compared to the age matched controls, the clinical significance of the observation has yet to 

be determined, however coupled with increased contractile responses it could be clinically
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significant and may manifest as reactive airways disease. Residual airways reactivity and 

pulmonary symptoms have been detected at 6 and 12 month follow-up in infants who had 

severe persistent pulmonary hypertension o f the newborn requiring ECMO support, which 

utilises a strategy o f lung rest to minimise any acute lung injury (Garg Chest 1992, & 

Pediatrics 1998). However, these changes could also be due to the damaging effects of 

high pressure mechanical ventilation received pre-ECMO (Dreyfuss, 1998), however the 

pulmonary hypertension may also have contributed to the findings.

Thus some aspects of pulmonary hypertension, such as the bronchial changes, recover at 

much slower rates, which is also true of some aspects of pulmonary arterial recovery. Havill 

(1989) found that recovery of angiotension converting enzyme in phorbol ester injured 

rabbits was still abnormal after 2 weeks o f recovery when the pulmonary hypertension had 

resolved and was thought to be a more persistent alteration in vascular endothelial cell 

dysfunction. King (1995) found that in rats who had recovered from neonatal hypoxic 

pulmonary hypertension for 12 weeks before being given monocrotaline, there was early 

enlargement of medial smooth muscle cells, and greater thickening o f the medial smooth 

muscle layer compared to similarly treated rats bom under normoxic conditions. Similarly, 

in rats who had perinatal hypoxia and were then subjected to a second episode of hypoxia 

in adulthood were found to be significantly more reactive to acute hypoxia during 

recovery from the second episode o f hypoxia compared to the rats who had not been 

subjected to neonatal hypoxia (Hampl, 1990). Similar results were seen in human adults 

with previous perinatal pulmonary hypertension, in whom the mean increase in pulmonary 

artery pressure at high altitude was significantly greater than that seen in controls adults 

with no previous pulmonary hypertension (Sartori, 1999). Thus some effects o f pulmonary 

hypertension may recover very slowly and these persistent changes may alter responses to 

subsequent illnesses and treatments.

Effect o f age and length o f hvpoxic exposure on recoverv:

The rate o f recovery, or rate o f reversal of the pulmonary hypertensive changes, in our study 

was influenced by the severity of the changes during the pulmonary hypertension episode, 

recovery obviously being slower if  the changes during pulmonary hypertension were more
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severe, and the age of the animal, with recovery being slower in the older 3-14 day hypoxia 

animals. The most severe pulmonary arterial pulmonary hypertensive changes were seen 

following 0-3 day hypoxia (Chapter 2). This may explain the slower regression of 

pulmonary arterial smooth muscle in these animals compared to the 3-6 day hypoxic 

pulmonary hypertensive animals, where the pulmonary hypertensive changes were not as 

severe (Chapter 2). The slowest recovery occurred in our 3-14 day hypoxia plus 3 or 6 days 

recovery animals, who were older and who had been subjected to a longer period o f 

hypoxia. Slower recovery in the older 14-17 day hypoxia pigs was also observed by Tulloh 

(1999), even though their animals had only been subjected to 3 days of hypoxia. This would 

imply that the markedly slower rate of recovery in our 3-14 day hypoxia plus 3 or 6 days 

normoxic recovery was due to their older age rather than the longer duration o f hypoxia. 

There are no published studies on rates of recovery in infants with pulmonary hypertension. 

Interestingly, Rabinovitch (1984) found that in children with congenital heart defects and 

pulmonary hypertension, earlier surgical repair (before nine months of age) resulted in 

complete recovery, with all patients having normal pulmonary arterial pressure one year 

after repair. Pulmonary artery pressure remained elevated 1 year after repair in all the older 

patients with marked pulmonary hypertension pre-operatively, if  their conditions were 

repaired after 2 years of age. Rabinovitch (1984) also found that if  the morphometric 

pulmonary hypertensive changes on lung biopsies from these children were more severe, 

and the children were aged between 9 months and 2 years at the time of repair, then they 

were more likely to still have elevated pulmonary arterial pressure 1 year post-operatively. 

This is very similar to the results from our current study where older age and more severe 

pulmonary hypertensive changes were associated with longer persistence o f the pulmonary 

hypertensive responses despite 3-6 days o f normoxic recovery.

In summarv, recovery from hypoxic pulmonary hypertension occurs at different rates, some 

rapid occurring within 3 days of removal of hypoxia, such as acetylcholine induced nitric 

oxide release. Some aspects o f recovery are slow, such as reversal o f right ventricular 

hypertrophy and bronchial contractile and relaxant changes. Rate o f recovery is also 

influenced by the severity of the changes during the pulmonary hypertensive episode, and
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the age o f the animal, with recovery being slower in the older animals. This is clinically 

important as some effects of pulmonary hypertension persist for longer periods and may 

affect how patients react to subsequent illnesses and treatments.
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Table 7.1 Effect o f  normoxic recovery from hypoxic pulmonary hypertension on non-receptor mediated 
potassium chloride contraction, noradrenaline and Endothelin-1 contraction in mg in pulmonary arteries. 
ECsofor Endothelin-1 was calculated in rings where maximum response was achieved. EC50 was unaffected by  
normoxic recovery. The number o f  animals studied is shown in Table 7.2 * =  p<0.05 when compared to the 
normoxic control animals. Values are mean + SE

KCL Noradrenaline
Gm/mg + SE Maximum Tension 
K 40mmol/l/wt (mg)

Noradrenaline
ECso
mol/1

Pulmonary Artery

0-3 d Hypoxia 0.25 ±  0.05 141 ± 5 0 5.6 ± 0 .3
0-3 d H + 3 d Recovery 0.15 + 0.03 58 ± 45 6.5 ± 0.2
6  d Control 0.19 ±0.03 23 ± 13 6.4 ± 0.2

3-6 d Hypoxia 0.20 ± 0.02 116 ± 64 5.2 ± 0 .3
3-6d H + 3 d Recovery 0.16 ±0.01 47 ± 1 4 5.7 ± 0 .4
9 d Control 0.14 ±0.02 20 ± 9 5.3 ±0 .3

3-14 d Hypoxia 0.24 ± 0.03 28 ±18 6.1 ±0.1
3-14d H + 3 d Recovery 0.14 ±0.02 10 ± 10 6.2 ± 0.2
14-17 d Control 0.19 ±0.02 50 ± 2 0 6.4 ±0.1

3-14d H + 6  d Recovery 0.15 ±0.03 5 ± 3 -

21 d Control 0.15 + 0.03 4 ± 4 -

Endothelin-1 
Maximum Tension
(mg)

Endothelin-1
ECso
(Log mol/1)

Pulmonary Artery

0-3 d Hypoxia 560 ±  90 8.5 ±0.1
0-3 d H + 3 d Recovery 267 ±  50 8.5 ± 0 .2
6  d Control 250 ±  60 8.6 ±  0.1

3-6 d Hypoxia 380 ± 8 0 8.7 ±  0.2
3-6d H + 3 d Recovery 185 ± 5 0 8.6 ± 0 .3
9 d Control 128 ± 4 6 8.7 ± 0 .2

3-14 d Hypoxia 404 ±  90 8.7 ± 0 .3
3-14d H + 3 d Recovery 244 ±  93 8.6 ± 0 .2
14-17 d Control 333 ± 6 5 8.7 ± 0 .3

3-14d H + 6  d Recovery (n=3) 2 7 0 ± 110 8.7 ± 0 .2
21 d Control (n=3) 3 0 0 ± 150 8.7 ± 0 .2
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Table 7.2 Effect o f  normoxic recovery from hypoxic pulmonary hypertension on bronchial non-receptor 
mediated potassium chloride contraction and Endothelin-1 contraction in mg and salbutamol relaxation in the 
bronchi, in addition to acetylcholine 1 O '* and salbutamol 1 0 '̂  mol/ 1  relaxation in pulmonary arteries.
=  p<0.05 when compared to the normoxic control animals. N  refers to the number o f  animals. Pulmonary 
arteries and bronchi from each animal were always studied in pairs. Values are mean + SE

Relaxation Relaxation
(% papavarine) (% papavarine)
Acetylcholine Salbutamol

Pulmonary Artery 10"  ̂mol/1 10'^ mol/1

0-3 d Hypoxia (n=9) 8 ± 2 0
0-3 d H + 3 d Recovery (n=7) 28 ± 7 31 ± 1 4
6  d Control (n=6) 3 1 ± 6 23 ± 6

3-6 d Hypoxia (n=9) 1 1 ± 2 5 ± 3
3-6d H + 3 d Recovery (n=7) 32 ± 3 1 8 ± 4
9 d Control (n=7) 28 ± 4 25 ± 6

3-14 d Hypoxia (n=6) 0 3 ± 1
3-14d H + 3 d Recovery (n=5) 1 8 ± 3 * 19 ± 4 *
14-17 d Control (n=7) 3 5 ± 4 37 ± 3

3-14d H + 6  d Recovery (n=3) 24 ± 3 30 ± 5
21 d Control (n=3) 28 ± 4 45 ± 6

Contraction Contraction Relaxation
Endothelin-1 Gm/mg ±  SE (% papavarine)
l o ’ ”  mol/ 1 K  40mmol/l/wt Salbutamol

Bronchus (mg) 1 0 '̂  mol/ 1

0-3 d Hypoxia 434 ± 7 8 0.20 ±  0.02 35 ±11
0-3 d H + 3 d Recovery 406 ±125* 0.17 ±0.01 28 ± 1 0

6  d Control 98 ± 2 7 0.16 ±0.01 4 0 ± 7

3-6 d Hypoxia 258 ± 6 0 0.20 ± 0.03 3 0 ± 4
3-6d H + 3 d Recovery 116 ±29* 0.14 ±0.01 3 4 ±  18
9 d Control 51 ± 2 4 0.13 ± 0 .02 3 2 ±  14

3-14 d Hypoxia 268 ± 98 0.18 ±0.01 25 ± 4
3-14d H + 3 d Recovery 2 5 2 ± 100* 0.15 ±0.01 23 ± 6 *
14-17 d Control 66 ± 13 0.15 ±0.01 47 ± 8

3-14d H + 6  d Recovery 286 ± 8 6 0.17 ±0.01 2 2 ±  11
21 d Control 253 ± 9 8 0.16 ±0.03 4 2 ±  14
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Table 7.3
Effect o f  normoxic recovery from hypoxic pulmonary hypertension on animal weight and heart weight ratio’s. 
LV+S = Left ventricle +  septal weight, RV = Right ventricular weight * =  p<0.05 when compared to the 
normoxic age matched control animals, indicating significant residual RV hypertrophy in the recovery  
animals. N  refers to the number o f  animals. Values are mean + SE

Animal Weight
(kg)

Male/Female
Ratio

0-3 d Hypoxia
0-3 d H + 3 d Recovery
6  d Control

3-6 d Hypoxia 
3-6d H + 3 d Recovery 
9 d Control

3-14 d Hypoxia 
3-14d H + 3 d Recovery 
14-17 d Control

3-14d H + 6  d Recovery 
21 d Control

n=9
n=7
n=6

n=9
n=7
n=7

n=6
n=5
n=7

n=3
n=3

1.3 ±0.1  
1.6 ± 0.2
2.2 ± 0 .3

2.2 ± 0.2
2.3 ± 0 .2  
2.7 ±0 .3

2.9 ± 0 .3
3.3 + 0.3
3.9 ± 0 .5

6.0 ± 0.4 
5 .3+  1.2

1:1
1.5:1
1:1

1.2:1
1:1.3
1:1.3

1
1.3
1.3

1:2
2:1

LV + S

(Gm)

RV

(Gm)

Heart weight 
ratio

LV+S /  RV

0-3 Hypoxia 5.2 ± 0.4
0-3d H + 3 d Recovery 6.1 ± 0.6
6  day 11 ± 1.4

3.4 ± 0 .2
3.2 ± 0 .3
4.3 + 0.6

1.52 ±0 .1  
1.96±0.1* 
2.58 + 0.2

3-6 Hypoxia 7.8 ± 0.9
3-6d H + 3 d Recovery 9.0 ± 0.5
9 d Control 11 +1.2

4.5 ± 0 .5  
4.3 ±0 .3  
5 .3+  1.4

1.71 ± 0 .3  
2.08 ±0 .1*  
2.68 + 0.2

3-14 Hypoxia 13 ±1 .3
3-14d H + 3 d Recovery 14 ± 1 .8
14-17 day 18 ±2.1

7.8 ± 0 .9  
7.1 ± 0 .9  
5.4 + 0.6

1.76 ±0.1 
2.00 ± 0.1* 
3.10 + 0.1

3-14d H + 6  d Recovery 14 ± 1.3
21 d Control 18 + 4 .0

6.0 ± 0 .4  
6 .0 +  1.0

2 .30±0 .1*  
3.20 + 0.2
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Table 7.4 Effect o f  normoxic recovery from hypoxic pulmonary hypertension on noradrenaline maximum  
relaxation in pulmonary arteries and bronchi. IC5 0  for noradrenaline were unaffected by normoxic recovery. 
* =  p<0.05 when compared to the normoxic control animals. Values are mean + SB

Pulmonary Artery

Noradrenaline Noradrenaline
Maximum Relaxation IC 5 0

(% papavarine) (Log mol/1)

0-3 d Hypoxia 8 + 4 4.6 + 0.2
0-3 d H + 3 d Recovery 62 + 12 5.8 + 0.3
6  d Control 54 + 8 5.5 + 0.2

3-6 d Hypoxia 7 + 3 4.7 + 0.2
3-6d H + 3 d Recovery 36 + 6 5.6 + 0.3
9 d Control 40 + 6 5.8 + 0.3

3-14 d Hypoxia 24 + 6 4.9 + 0.2
3-14d H + 3 d Recovery 43 + 1* 5.4 + 0.1
14-17 d Control 63 + 7 5.4 + 0.2

3-14d H + 6  d Recovery 76 + 14 5.4 + 0.2
21 d Control 79 + 4 5.5 + 0.2

Noradrenaline Noradrenaline
Maximum Relaxation IC 5 0

(% papavarine) (Log mol/1)
Bronchus

0-3 d Hypoxia 78 ± 8 5.7 ±0.1
0-3 d H + 3 d Recovery 85 + 3 * 5.8 ± 0 .2
6  d Control 94 ±  1 6.0 ± 0 .2

3-6 d Hypoxia 8 2 + 1 2 5.6 ±  0.2
3-6d H + 3 d Recovery 92 + 4 5.9 ± 0 .3
9 d Control 94 + 3 6.0 ± 0 .2

3-14 d Hypoxia 86 ± 9 5.6 ± 0.2
3-14d H + 3 d Recovery 89 + 2 * 5.7 ± 0 .2
14-17 d Control 95 + 1 5.9 ± 0 .2

3-14d H + 6  d Recovery (n=3) 93 + 2 * 5.8 ±0.1
21 d Control (n=3) 99 + 0.6 5.9 ± 0 .2



224

Figure 7.1
Upper bar graph: Follow ing 3 days normoxic recovery, bronchial sm ooth muscle (pm 2/m m  luminal length) is 
still significantly increased (*p=0.01) compared to the 6 day old animals and is unchanged from the 0-3 day 
hypoxic pulmonary hypertension animals. There is increased pulmonary arterial sm ooth m uscle in the 
recovery animals compared to the 6 day controls, * p<0.001, how ever it has also significantly decreased  
compared to the pulmonary hypertension animals, #p=0.03.
Lower bar graph: Follow ing 3 days normoxic recovery, bronchial sm ooth m uscle is still significantly  
increased compared to the 9 day old controls * p=0.03. Pulmonary arterial sm ooth m uscle has recovered and 
is not significantly different from the 9 day control.
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Figure 7.2
Upper bar graph: Follow ing 3 days normoxic recovery, bronchial and pulmonary arterial sm ooth m uscle 
is still significantly increased compared to the 14-17 day old controls and is not significantly different from  
the 3-14 day hypoxic pulmonary hypertension animals. * p<0.05 when 3 day recovery animals compared to 
14-17 day old controls
Lower bar graph: Follow ing 6 days normoxic recovery, there is a trend toward increased bronchial and 
pulmonary arterial sm ooth m uscle compared to the 21 day old controls, #  p=0.1.
The bronchial sm ooth m uscle in the 3 and 6 day recovery animals had not changed, how ever the bronchial 
sm ooth m uscle had increased significantly in the 21 day old animals compared to the 14-17 day old animals, 
tp = 0 .05 .
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Figure 7.3
Photomicrograph o f a bronchus and pulmonary artery from a 0-3 day hypoxia plus 3 day 
recovery and a 6 day old piglet showing residual increased bronchial and pulmonary 
arterial smooth muscle area in the recovery animals. PA= pulmonary artery,
Br = Bronchus, SM = smooth muscle
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Figure 7.4
Photomicrograph o f a bronchus and pulmonary artery from a 3-6 day hypoxia plus 3 days 
recovery and a 9 day old piglet showing residual increased bronchial smooth muscle area 
in the recovery animals. PA= pulmonary artery,
Br = Bronchus, SM = smooth muscle
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Figure 7.5
Photomicrograph o f a bronchus and pulmonary artery from a 3-14 day hypoxia plus 3 days 
recovery and a 17 day old piglet showing residual increased bronchial and pulmonary arterial 
smooth muscle area in the recovery animals. PA= pulmonary artery,
Br = Bronchus, SM = smooth muscle
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Figure 7.6
Contractile concentration-response curves for Endothelin-1 (log  mol/1) in pulm onary arteries and bronchial 
rings and noradrenaline (log  mol/1) in  pulm onary arteries from  the 0-3 day h ypoxic pulm onary hypertension, 0- 
3 day hypoxic pulm onary hypertension plus 3 days norm oxic recovery and 6  day old  norm oxic control groups. 
Bronchial Endothelin-1 responses had not recovered w hen com pared to the 6 day controls p=0.03 , how ever  
pulm onary arterial Endothelin-1 and noradrenaline contractile responses had fu lly  recovered after 3 days o f  
norm oxia. V alues are m ean + s.e.
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Figure 7.7
Contractile concentration-response curves for Endothelin-1 (log  mol/1) in pulm onary arteries and bronchial rings 
and noradrenaline (log  mol/1) in pulm onary arteries from  the 3-6  day hypoxic pulm onary hypertension, 3-6  day  
hypoxic pulm onary hypertension plus 3 days norm oxic recovery and 9 day old norm oxic control groups. There 
w as a trend towards low er Bronchial Endothelin-1 recovery, how ever pulm onary arterial Endothelin-1 and 
noradrenaline contractile responses w ere not significantly different from  the 9 day old  controls after 3 days o f  
norm oxia recovery. V alues are m ean + s.e.
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Figure 7.8
Contractile concentration-response curves for Endothelin-1 (log  mol/1) in  pulm onary arteries and bronchial rings 
and noradrenaline (log  mol/1) in pulmonary arteries from  the 3-14 day hypoxic pulm onary hypertension, 3 -14  day 
hyp oxic pulm onary hypertension plus 3 days norm oxic recovery and 14-17 day old  norm oxic control groups. 
Pulm onary arterial Endothelin-1 and noradrenaline contractile responses w ere not significantly different (N S) 
from  the 14-17 day old controls after 3 days o f  norm oxia recovery. Bronchial Endothelin-1 contractile response  
rem ained unchanged in the recovery animals and was significantly increased com pared to the 14-17 day controls. 
V alues are m ean + s.e jg Q
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Figure 7.9
Contractile concentration-response curves for Endothelin-1 (log  mol/1) in pulm onary arteries and bronchial rings 
and noradrenaline (log  mol/1) in pulm onary arteries from  the 3-14 day hypoxic pulm onary hypertension, 3 -14  day  
h yp oxic pulm onary hypertension plus 6 days norm oxic recovery and 21 day o ld  norm oxic control groups. 
Bronchial Endothelin-1, pulm onary arterial Endothelin-1 and noradrenaline contractile responses were not 
significantly different in  the 21 day old controls com pared to the 6 days o f  norm oxia recovery group.
V alues are m ean +  s.e.
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Figure 7.10
R elaxant concentration-response curves for Endothelin-1 and N oradrenaline in  pulm onary arterial, and 
noradrenaline in  bronchial rings o f  the 0-3 day hypoxic pulm onary hypertension, 0-3 day hypoxic pulm onary  
hypertension plus 3 days norm oxic recovery and 6 day old  control p igs. The recovery anim als produced greater 
relaxant response in the pulm onary arteries to Endothelin-1 and poorer relaxant responses to noradrenaline in the 
bronchi compared with the 6 day old  animals. V alues are m ean + s.e.

20 -

40 -
Relaxation

60 -Papavarine Pulmonary Artery
- -♦ - 0-3d Hypoxia
 0-3d H + 3d Recovery
—A -  6 d Control

80 -

100
8-8.59.5 9-10

Endothelin-1 log mol/1

20  -

Relaxation

Papavarine 60
Pulmonary Artery
- -A - 0-3d Hypoxia
 0-3d H + 3d Recovery
— A -  6 d Control

80 -

N S
100

46 ■578
Noradrenaline (log mol/1)

20 -

40 -
Relaxation

60Papavarine Bronchus
- -♦ ■ 0-3d Hypoxia
 0-3d H + 3d Recovery
— A -  6 d Control

80 -
p=0.03

100
4•5678

Noradrenaline (log mol/1)



234
Figure 7.11
R elaxant concentration-response curves for Endothelin-1 and noradrenaline in pulm onary arterial, and 
noradrenaline in bronchial rings o f  the 3-6  day hypoxic pulm onary hypertension, 3 -6  day hypoxic pulm onary  
hypertension plus 3 days norm oxic recovery and 9 day old control pigs. The recovery anim als w ere not 
sign ificantly  different from  the 9 day control animals. V alues are m ean + s.e.
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Figure 7.12
R elaxant concentration-response curves for Endothelin-1 and noradrenaline in  pulm onary arterial, and Noradrenaline 
in bronchial rings o f  the 3-14 day hypoxic pulm onary hypertension, 3 -14  day hypoxic pulm onary hypertension plus 
3 days norm oxic recovery and 14-17 day old control pigs. The recovery anim als produced poorer relaxant responses 
in the pulm onary arteries to E ndothelin-1 (p = 0 .03) and noradrenaline (p=0.05), and poorer bronchial responses to 
N oradrenaline(p=0.02) com pared to the 14-17 day control animals. V alues are m ean + s.e.
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Figure 7.13
Relaxant concentration-response curves for Endothelin-1 and noradrenaline in  pulm onary arterial, and 
noradrenaline in  bronchial rings o f  the 3 -14  day hypoxic pulm onary hypertension, 3 -14  day hypoxic pulm onary  
hypertension plus 3 days norm oxic recovery, 3-14 day hypoxic pulm onary hypertension plus 6 days norm oxic  
recovery and 21 day old  control p igs. The 6 day recovery anim als produced sim ilar relaxant responses to 
E ndothelin-land noradrenaline in the pulm onary arteries, and poorer bronchial responses to noradrenaline 
(p=0.05) com pared to the 21 day control animals. V alues are m ean + s.e.m ean
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Chapter 8 

Endothelin-1 and noradrenaline responses in human pulmonary 

arteries, pulmonary veins and bronchi from 7 infants with pulmonary 

hypertension and 3 non-hypertensive children.

IN TRO DUCTIO N

In chapters 4 and 6, the effects of experimental hypoxic pulmonary hypertension on 

Endothelin-1 and noradrenaline responses in pulmonary arteries, veins and bronchi were 

examined. Endothelin-1 produced significantly greater vaso and bronchoconstrictor 

responses in the hypoxic pulmonary hypertensive piglets compared to age matched 3, 6 and 

14 day old animals, and there was a loss of pulmonary arterial Endothelin-B receptor 

mediated vasodilatation during pulmonary hypertension. Noradrenaline contractile 

responses were mildly increased in the 0-3 day hypoxic pulmonary hypertensive animals 

and the noradrenaline relaxation responses were markedly impaired in the pulmonary 

arteries and bronchi of all 3 pulmonary hypertension groups. These changes would make 

these animals much more prone to marked episodes of vaso and bronchoconstriction. 

Clinically however, we treat children with pulmonary hypertension, and it is important to 

know if  the porcine findings are extrapolatable to the clinical setting. Children with 

postoperative pulmonary hypertension following surgery for congenital heart disease had 

a higher respiratory system resistance compared to similar children with no pulmonary 

hypertension (Schindler 1995). Also the bronchial smooth muscle was increased 68% and 

the vascular smooth muscle was more than twice normal in the lung biopsies o f the 

pulmonary hypertensive patients compared to 6 age matched post mortem controls 

(Schindler, 1995). Possible mediators which could cause this co-constriction and co

hypertrophy o f bronchial and vascular smooth muscle include increased Endothelin-1 or 

decreased nitric oxide. It would be o f interest to see if  Endothelin-1 responses were 

increased in human pulmonary arteries and bronchi and to see if  human pulmonary vein 

responses are more resistant to the effects o f pulmonary hypertension, as was seen in the
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porcine model. The effects of pulmonary hypertension on infant endothelium dependent 

pulmonary arterial vaso-relaxation would also be o f interest to see if  it is similarly 

impaired as in the porcine model.

The aim o f this study is to examine the effect o f pulmonary hypertension on Endothelin-1 

and noradrenaline pulmonary arterial, pulmonary vein and bronchial responses in human 

infants and children. To better investigate the p adrenoceptor dilator responses, the p 

agonist, salbutamol will also be studied.

M ETHODS

To study the effects o f pulmonary hypertension on Endothelin-1 and noradrenaline 

responses in infants, the parents of infants who had pulmonary hypertension and had died 

and were having a post-mortem examination within 24 hours o f death were approached. 

Written consent was obtained for removal of isolated pulmonary arteries, pulmonary 

veins and bronchi from the lower lobe of a lung in these infants. Similar written consent 

was obtained from the parents o f 2 children who had died but had no pulmonary 

hypertension, and in one child the ex-planted native lungs were examined after a 

successful bilateral lung transplant. The infants and children had all been critically ill in 

the intensive care units at Great Ormond Street Hospital for Children and had all received 

mechanical ventilation. The presence or absence o f pulmonary hypertension was 

determined by echocardiography, looking for signs o f right ventricular hypertrophy, 

measuring the flow velocity o f any tricuspid regurgitation jet, right-to-left ductal flow if  a 

ductus arteriosus was present, right-to-left flow through a patent foramen ovale if  present 

or bowing o f the right ventricular septum. Post-mortem lung histology was also assessed 

for presence or absence o f medial hypertrophy o f the pulmonary arteries. All lung tissue 

was dissected and studied within 24 hours of death. The study was approved by our 

Institutional Review Board (Hospital Ethics Committee). At post-mortem, a lower lobe o f 

the lung was removed and immediately placed in cold modified Krebs-Ringer solution. 

Intra-pulmonary arteries (1-2 mm diameter), adjacent bronchi (2-3 mm diameter) and 

pulmonary veins 2-3 mm diameter were dissected free from the surrounding lung
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parenchyma o f the lower lobes and cut into rings 2-3 mm long. The rings were suspended 

within a 10ml organ chamber and a Grass FT .03 force transducer was used for measuring 

isometric tension. The organ chambers were filled with modified Krebs-Ringer solution, 

continuously bubbled with 95% 0% - 5% CO2 , and maintained at 37°C. After an 

equilibration period, the arteries, bronchi and veins were stretched to optimum resting 

tensions (as determined in chapter 2). After an additional equilibration period, the rings 

were contracted with potassium chloride (KCL) 40 mmol/1 to assess the viability o f the 

preparation.

Endothelial function was assessed in all artery and vein rings by observing the response to 

acetylcholine 10'^ mol/1 at a stable plateau o f the potassium contraction. Since the bronchi 

do not relax in response to acetylcholine, they were exposed to bradykinin 10'^ mol/1 to 

determine epithelial function. Vessel rings and bronchi were washed again with fresh 

aerated Krebs Ringer solution and equilibrated for 30 minutes before exposure to further 

pharmacological stimulation.

The protocols used were:

1) A cumulative dose response curve to Endothelin-1 (Sigma Chemical Co. Dorset UK) 

was performed in the arteries, veins and bronchi at baseline resting tension. The lowest 

concentration was 10'^^ mol/1 and the next dose was only added after more than 3 minutes 

o f stable tension, up to a maximum of 10"^^  ̂mol/1 Endothelin-1.

2) Endothelin-1 Relaxation Responses:

A separate experiment was then performed to assess the relaxant response to Endothelin- 

1. The baseline tone of the pulmonary arteries and veins was elevated using KCl 20 

mmol/1 to approximately 50% of the 40mmol KCL contraction. An Endothelin-1 

cumulative dose response curve was then performed from 10’’  ̂mol/1 to 10'^ mol/1 

Endothelin-1. Maximum relaxation was determined at the conclusion o f the experiment 

by using papavarine lO"'̂  mol/1 and the Endothelin-1 relaxations were expressed as a 

percentage of the papavarine response.
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3) Noradrenaline Contractile and Relaxation response:

To assess the contractile and relaxant responses to noradrenaline in the pulmonary 

arteries and veins, a cumulative dose response curve to noradrenaline was performed in 

separate pulmonary arteries at baseline resting tension. The lowest concentration was 10'^ 

mol/1. The next dose was only added after more than 3 minutes o f stable tension, up to a 

maximum of 10'"̂  mol/1 noradrenaline (Sigma Chemical Co. Dorset UK). Papavarine lO'"̂  

mol/1 was added at the conclusion of the dose response curve and any relaxations seen 

expressed as a percentage of the papavarine relaxation. Noradrenaline responses were not 

studied in the bronchi.

4) Contractile responses to thromboxane A? mimetic U46619:

To assess the contractile responses to the stable thromboxane A] mimetic, U46619, a 

cumulative dose response curve was performed in separate pulmonary arteries at baseline 

resting tension. The lowest concentration was 10'^ mol/1. The next dose was only added 

after more than 3 minutes of stable tension, up to a maximum of 10'^ mol/1 U46619 

(Sigma Chemical Co. Dorset UK).

5) Salbutamol Relaxation Response:

To further evaluate the P adrenoceptor induced relaxation, responses to salbutamol a 

synthetic selective beta-agonist were evaluated. The pulmonary arterial and pulmonary 

venous rings that were going to be used to determine Endothelin-1 relaxant responses 

were first pre-constricted using KCl 20 mmol/1 to approximately 50% o f the 40mmol 

KCL and salbutamol 10'^ (Sigma) was added. The vessels were then washed with fresh 

aerated Krebs Ringer solution and equilibrated for 20 minutes before again pre

contracting them with KCl 20 mmol/1 and performing the Endothelin-1 dose response 

curve. Papavarine lO''  ̂mol/1 was added at the conclusion o f the experiment and the 

relaxations expressed as a percentage of the papavarine response.

In bronchial rings, salbutamol 10'^ mol/1 was added at a stable plateau following 

precontraction with Endothelin-1 10"̂ '̂  ̂mol/1. Where the Endothelin-1 contraction was 

inadequate, carbachol 4-10 xlO'^ mol/1 was added to increase the base-line tension to 

approximately 50% of the KCl 40 mmol/1 contraction before adding the salbutamol. The 

bronchial rings were then washed with Krebs Ringer solution before adding papavarine



241

1 mol/1 to determine the maximum relaxation and the salbutamol relaxations were 

expressed as a percentage of the papavarine response.

Data analysis:

Contractile response was expressed as developed tension (in mg) and as a percentage of 

the KCL 40mmol/l response. EC50 values were individually determined for each ring with 

a linear regression computer program (Prism) where maximum response was achieved. 

Relaxation response was expressed as percentage relaxation from precontracted tension. 

The baseline determined by papavarine 10'"̂  mol/1. The effect o f pulmonary hypertension 

on Endothelin-1, noradrenaline and U46619 induced contraction in the arteries, veins and 

bronchi was determined using a general linear model with repeated measures. Endothelin- 

1, noradrenaline, salbutamol, and acetylcholine relaxation responses were analysed using 

ANOVA and the Student’s t-test with Bonferroni correction, comparing the pulmonary 

hypertensive infants to the 3 non-pulmonary hypertensive controls at the concentrations 

producing the maximum relaxant responses.

RESULTS

The demographic data o f the 10 patients studied is shown in Table 8.1. The median age of 

the 7 pulmonary hypertension infants was 25 days (range 2-120 days) and the median age 

o f the 3 non-hypertensive children was 5 years (range 0.33-11 years), with the controls 

being significantly older than the pulmonary hypertensive infants p=0.02. There were 

more females among the pulmonary hypertension infants (only one male) and the 3 non

hypertensive children were all males. The mean time between death and removal o f the 

tissue in the pulmonary hypertension infants was 10 + 3 hours, and in the non

hypertensive controls was 6 + 1  hours and the difference was not significant.

Preliminarv Studies

1 a. The potassium induced contraction of the pulmonary arteries o f the pulmonary 

hypertension infants was significantly less than the non-hypertensive controls, being 0.06 + 

O.Olgm KCl 40 mmol/1 contraction per mg tissue in the pulmonary hypertension infants and 

0.15 + 0.03 gm/mg in the non-hypertensive controls, p<0.01. The KCL induced contractile
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response was not significantly different in the pulmonary veins or bronchi of the two groups 

(Table 8.2).

lb. Acetylcholine 10'^ mol/1 relaxant responses o f the pulmonary arteries o f the pulmonary 

hypertensive infants were absent and only a contractile response was seen. A relaxant 

response to acetylcholine was seen in all 3 non-pulmonary hypertensive patients and the 

difference between the two groups was statistically significant, p<0.01. In the pulmonary 

veins a relaxant response the acetylcholine was seen in both groups and the difference was 

not statistically significant (Table 8.2).

Ic. A relaxant response to bradykinin 10'^ mol/1 was present in the bronchi o f the 3 

pulmonary hypertensive infants in whom bradykinin responses were assessed. 

Unfortunately bradykinin response was not assessed in any o f the 3 non-pulmonary 

hypertensive children.

Contractile Responses 

2a. Contractile Endothelin-1 responses:

In the pulmonary arteries, pulmonary veins and bronchi, a dose dependent contractile 

response to Endothelin-1 was seen and was not significantly different in the pulmonary 

hypertensive infants compared to the 3 non-hypertensive children when expressed as a 

percentage o f KCl 40mmol/l response to standardise for general non-receptor mediated 

changes in contractility (Figure 8.1). When contractile response was expressed in mg, the 

contractile response was greater in the non-pulmonary hypertensive pulmonary arteries and 

was not significantly different in the pulmonary veins or bronchi (Table 8.3). Pulmonary 

hypertension did not affect the EC50 o f the contractile agonists (Table 8.3).

2b Contractile responses to noradrenaline:

A dose dependent contractile response to noradrenaline was seen in the pulmonary arteries 

of all 10 patients studied. The contractile response to noradrenaline was not significantly 

different in the pulmonary hypertensive infants compared to the 3 non-hypertensive children 

(Figure 8.2).
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2c Contractile response to U46619

A contractile responses to U46619 was seen in all patients studied. Again, there was no 

significant difference in the pulmonary arterial contractile response to U46619 seen in the 

pulmonary hypertensive infants compared to the non-hypertensive controls (Figure 8.2). 

When the pulmonary arterial contractile responses to Endothelin-1, noradrenaline and 

U46619 of all the 10 patients were compared using ANOVA, there was a significant 

difference with U46619 producing the greatest contractile response, p=0.04.

Relaxation Responses:

3a. Endothelin relaxation responses:

Pulmonary hypertension had a significant effect on the Endothelin-1 relaxant response in 

the pulmonary arteries, failing to relax 6 of the 7 pulmonary arteries of the pulmonary 

hypertensive patients. A relaxant response to Endothelin-1 was seen in all 3 pulmonary 

arteries o f the non-pulmonary hypertensive patients. The difference between the two 

groups was significant, being 0.8 + 0.8% papavarine in the pulmonary hypertension 

infants and 10.5 + 5 % papavarine in the non-hypertensive controls for Endothelin-1 10’̂  

mol/1, p=0.04 (Figure 8.3).

In the pulmonary veins, a relaxant response to Endothelin-1 was seen in 6 of the 7 

pulmonary veins o f the pulmonary hypertensive infants. A relaxant response to 

Endothelin-1 was seen in all 3 pulmonary veins of the non-pulmonary hypertensive 

patients, and the difference between the two groups was not significant (Figure 8.3).

3b Noradrenaline relaxation responses:

Pulmonary hypertension reduced the noradrenaline 10'"̂  mol/1 relaxant response in the 

pulmonary arteries 7 fold, to 2 + 2 % in the pulmonary hypertensive patients from 15 + 6 

% papavarine response in the non-hypertensive controls, p=0.05 (Figure 8.3). A 

relaxation response was only seen in one of the pulmonary hypertensive patients and was 

present in all 3 non-hypertensive controls.

3c Salbutamol relaxation responses:

Pulmonary hypertension completely abolished the salbutamol induced (3 adrenoceptor 

pulmonary arterial relaxation in all 7 pulmonary hypertensive infants. Salbutamol 10'^ mol/1
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produced a relaxation in the pulmonary arteries o f all 3 non-hypertensive patients, being 21 

+ 7 % papavarine and the difference between the two groups was statistically significant, 

p<0.01 (Table 8.2).

In the pulmonary veins, relaxation responses to salbutamol were seen in 5 of 7 pulmonary 

hypertensive infants and were present in all non-hypertensive children. The difference 

between the two groups was not significant, (Table 8.2).

In the bronchi, salbutamol 10’̂  mol/1 produced a broncho-relaxation response in both groups 

and the difference was not significant.

DISCUSSION

In this study we found that in infants who died firom pulmonary hypertension, contractile 

responses to potassium chloride, Endothelin-1, noradrenaline and the Thromboxane A] 

mimetic U46619 were not increased. However, the relaxant responses to acetylcholine, 

Endothelin-1, noradrenaline and salbutamol were severely impaired or absent in the 

pulmonary artery, but were well preserved in the pulmonary hypertensive pulmonary veins. 

This study was fraught with difficulties and came to a premature end after 1999, when there 

was heightened public awareness of organ retention issues, resulting in a severe downturn in 

the number o f families consenting to post-mortem examinations and research. As a result o f 

this, we have ended up with an extremely limited number o f patients, in whom the control 

group is significantly older than the pulmonary hypertension patients. This makes it difficult 

to distinguish between the effects of age and pulmonary hypertension. However the results 

from the 3 and 4 month old infants with pulmonary hypertension were similar to those of 

the younger pulmonary hypertensive infants who were less than a month old. Also the 

results from the 4 month old infant with no pulmonary hypertension were similar to those of 

the 5 and 11 year old non-hypertensive children. We also ended up with a gender difference 

between the two groups, with more females in the pulmonary hypertension group and all 

males in the non- pulmonary hypertension group. It is very difficult to know if  this has had 

any effect on the results. Also 4 of the pulmonary hypertension patients had structural lung 

disease with lung hypoplasia or alveolar capillary dysplasia, however their results were
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indistinguishable from those of the 3 infants with structurally normal lungs and pulmonary 

hypertension. Another difficulty was the fact that non-receptor mediated KCL contraction 

was significantly lower in the pulmonary hypertensive infants compared to the 3 non

hypertensive controls. However standardizing the subsequent contractions to the KCL 

contraction reduced the effects o f generalised changes in contractility and allowed a better 

assessment of receptor mediated contraction. Despite all the difficulties, the study has 

yielded some important and unique results, especially relating to pulmonary arterial 

relaxation changes in infants with pulmonary hypertension, which has not been previously 

reported.

Contractile Responses:

In this study we found that contractile responses to KCL was decreased and the contractile 

responses to Endothelin-1, noradrenaline and U46619 were not significantly different from 

the 3 non-pulmonary hypertensive control children. In this study we used KCL 40 mmo/1 

responses. In two infants responses to KCL 125 mmol/1 were also examined and found to be 

not significantly different from the KCL 40 mmol/1 response, thus we feel that the 

pulmonary arterial general contractile mechanisms were genuinely decreased in these 

infants. Whether this was related to the severity o f illness and the severity of the lung 

disease in these infants, or as a result o f the pulmonary hypertension is unknown. However 

the contractile responses of the bronchi and pulmonary veins were not significantly different 

between the two groups and if  it were related to the effects o f higher mechanical ventilation 

pressures, then the bronchial contractility should also have been decreased in the pulmonary 

hypertensive patients. These contractile findings differ from those found in the porcine 

model, where KCL, Endothelin-1 and noradrenaline contractile responses were all increased 

in piglets subjected to hypoxic pulmonary hypertension from birth (Chapters 4 and 6). Our 

infants were very ill and had a significant systemic inflammatory response with significant 

capillary leak and generalised oedema. Pulmonary arterial contractility has been shown to 

be decreased in rats with sepsis, with significant attenuation of the contractile response to 

KCL and the a-adrenoceptor agonist phenylephrine (Yaghi 1995 & 1999), In contrast, 

contractility o f the aortic rings was not significantly affected by sepsis (Yaghi, 1995).
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Although our infants did not have proven sepsis, it is possible the generalised systemic 

inflammatory response had an effect on pulmonary arterial contractility. Cases (1996) found 

that in adults undergoing a lobectomy for removal of lung carcinoma, those who had a 

positive bronchodilator response pre-operatively showed greater contraction to 

noradrenaline and Endothelin-1 compared to the controls. They also found that KCL 

1 OOmmol/1 contraction was not different between the two groups. This is different from the 

findings of the current study, and may relate to the age of the patients and the severity of 

illness and the severity o f the pulmonary hypertension. In adults with heart failure, infusion 

o f Endothelin-1 to achieve plasma concentrations of Endothelin-1 similar to those found in 

patients with heart failure and pulmonary hypertension, resulted in increased mean systemic 

arterial pressure and raised systemic vascular resistance, but mean pulmonary arterial 

pressure and pulmonary vascular resistance did not change (Cowbum, 1998). Thus human 

pulmonary arterial responses to Endothelin-1 requires further investigation.

In this study we found that noradrenaline (10'^ mol/1) had a contractile effect on the 

pulmonary arteries, being 95 ± 22% and 100 + 44% KCL response in the pulmonary 

hypertensive and non-hypertensive infants respectively. McCaffery (2002) and Nield (1986) 

found no contractile response to noradrenaline in the myograph in pulmonary artery 

resistance vessels from adults (McCaffery) and children (Nield) with congenital heart 

disease who had had a lung biopsy. This difference from the current findings may be related 

to the younger age o f our infants and the vessel size studied, as we studied larger elastic 

conduit arteries in our patients. However we found that the contractile response to 

noradrenaline was lower than the response to Endothelin-1 and three times lower than the 

response to the Thromboxane A] mimetic U46619, which is similar to the findings in our 

porcine model (Chapter 6). It is also similar to the findings of McIntyre (1996) where 

eicosinoid receptor stimulation (response to prostaglandins) was also significantly greater 

than the noradrenaline response in the rat.

Relaxation Responses:

In our study we found that relaxation responses to acetylcholine, Endothelin-1, 

noradrenaline and salbutamol were all severely reduced or absent in the pulmonary arteries 

o f the pulmonary hypertension infants compared to the non-pulmonary hypertensive
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controls. The relaxation responses in the pulmonary veins were not significantly different 

from the control children. This is identical to the findings in our porcine neonatal hypoxic 

pulmonary hypertension model (Chapters 4 and 6). The relaxations o f acetylcholine, 

Endothelin-1, noradrenaline and salbutamol are all endothelium dependent and require the 

release o f nitric oxide from the endothelium (Chapters 4 and 6). In a study o f five adults 

with primary pulmonary hypertension with a reversible component to their pulmonary 

hypertension as demonstrated by a response to nicardipine, pulmonary vascular resistance 

did not decrease in response to three infused endothelium-dependent vasodilator agents 

(acetylcholine, calcitonin gene-related peptide and substance p), indicating that 

endothelium dependent vasodilatation was impaired in these patients (Uren, 1992). In 

adults with primary and secondary pulmonary hypertension requiring lung 

transplantation, endothelial nitric oxide synthase (NOS) immunoreactivity in small 

pulmonary arterioles was significantly reduced compared to non-hypertensive controls 

(Mason, 1998 & Giaid, 1995). Endothelial NOS mRNA from cultured umbilical vein 

endothelial cells was absent in the majority o f infants with persistent pulmonary 

hypertension of the newborn and was detected in all normal term infants (Villanueva, 

1998). It is possible that the loss of the pulmonary arterial endothelium dependent 

vasodilator responses in our pulmonary hypertensive infants is at least in part due to a loss 

of NOS activity.

Thus the endothelial nitric oxide synthase pathway appeared to be particularly susceptible to 

dysfunction in the pulmonary arteries, resulting in almost complete loss o f this pathway 

(Berkenbosch, 2000). Berkenbosch found that in porcine neonatal hypoxia induced 

pulmonary hypertension, there were multiple disruptions in the nitric oxide pathway in the 

pulmonary arteries, with reduced endothelial nitric oxide synthase, decreased soluble 

guanylate cyclase activity and impaired cGMP-dependent mechanisms. In contrast in the 

pulmonary veins, endothelial nitric oxide synthase and nitric oxide activity remained normal 

during pulmonary hypertension (Berkenbosch, 2000).

In our study we found a complete loss of Endothelin-B receptor mediated vasodilator 

response in the pulmonary arteries of the pulmonary hypertensive infants. In lung biopsies
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of patients with pulmonary hypertension due to congenital heart disease, Lutz (1999) found 

higher Endothelin-A receptor density and low Endothelin-B receptor expression in lung 

arteries and lung parenchyma. In vivo experiments in human forearm resistance vessels 

found that Endothelin-1 contributes to the regulation of vascular tone by stimulating nitric 

oxide activity through the Endothelin-B receptors (Cardillo, 2000). In human and rat 

vascular cells, the Endothelin-B receptor was deactivated almost completely within 5 

minutes o f ligand stimulation due to phosphorylation, where as the Endothelin-A receptor 

inactivation was resistant and delayed due to internalisation (Cramer, 1998). Thus the 

Endothelin-B receptor is much more sensititive to inactivation and may partly explain the 

sensitivity of the Endothelin-B receptor mediated vasodilatation to inactivation in neonatal 

pulmonary hypertension. The almost complete loss o f the Endothelin-1 dilator response in 

our pulmonary hypertension infants thus may be due to changes in nitric oxide synthase 

activity and reduced or inactivated Endothelin-B receptors and this finding has not been 

previously reported in human infants with pulmonary hypertension. The sparing of 

Endothelin-1 vasodilator responses in the pulmonary veins during pulmonary hypertension 

is similar to our findings in the porcine model, and has also not been previously been 

reported in the human.

In our study, relaxation responses to noradrenaline were severely reduced and salbutamol 

induced p-adrenoceptor dilation was completely abolished in the pulmonary arteries of the 

pulmonary hypertensive infants in our study. This is identical to our findings in our hypoxic 

neonatal porcine pulmonary hypertension model (Chapter 6). In the porcine model, 

noradenaline pulmonary arterial relaxation was mainly due to p-adrenoceptor dilation which 

occurred via endothelial release of nitric oxide in the young piglets (Chapter 6). Platelet a  

adrenoceptor density was increased in children with congenital heart disease, and. 

lymphocyte p adrenoceptor density was attenuated by 27% in patients with left to right 

shunts which is associated with pulmonary hypertension (Dzimiri, 1995). Houde (1993) 

found that in children with primary or secondary pulmonary hypertension, salbutamol, 

phentolamine and phenoxybenzamine were ineffective in reducing pulmonary arterial 

pressure. Thus p adrenoceptor induced relaxation appears to be completely inactivated



249

during pulmonary hypertension. In paediatric cardiac surgical patients, p-adrenergic 

receptor stimulated lymphocyte adenylyl cyclase activity was significantly reduced post- 

operatively following cardiopulmonary bypass and there was P-adrenergic receptor 

desensitisation (Sun, 1996). Wessel (1993) also found that in children with congenital heart 

disease, acetylcholine reduced pulmonary vascular resistance by 46% pre-operatively but 

only resulted in an 11% reduction post-operatively following cardiopulmonary bypass, 

indicating post-operative endothelial cell dysfunction. Thus this aspect o f pulmonary arterial 

endothelial cell function seems very prone to dysfunction, and the almost complete loss of 

the p adrenoceptor dilator response in our pulmonary hypertension infants may be due to 

changes in nitric oxide synthase activity and reduced or desensitised p-adrenergic receptors. 

Similar to the Endothelin-1 dilator responses, the p-adrenergic salbutamol dilator responses 

was also preserved in the pulmonary veins but abolished in the pulmonary arteries during 

pulmonary hypertension and again is similar to our findings in the porcine model.

In the bronchi, relaxation data was extremely limited in our study. The only conclusions that 

can be drawn from our data is that a single dose of salbutamol 10'^ mol/1 did induce a 

broncho-relaxation response in young infants with pulmonary hypertension as a bronchial 

relaxation response to salbutamol was seen in all o f our pulmonary hypertension infants and 

was not significantly different from that seen in the non-hypertensive children. Also there is 

some epithelial function present as determined by the broncho-dilator response to 

bradykinin seen in the pulmonary hypertensive infants. This was unable to be compared to 

the non-pulmonary hypertensive infants, as a bradykinin relaxation response was not tested 

in the non-hypertensive patients. Also the bronchial Endothelin-1 contractile response was 

not significantly different in the pulmonary hypertensive infants compared to the non

hypertensive children. Thus, in this limited human data, there was no significant effect of 

pulmonary hypertension on bronchial Endothelin-1 contraction or salbutamol broncho

relaxation, which is in contrast to our porcine results. It does not support the concept that 

increased Endothelin-1 broncho-constriction or decreased p adrenoceptor broncho

relaxation is responsible for the co-constriction and co-hypertrophy o f bronchial and
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pulmonary arterial smooth muscle during pulmonary hypertension reported in the human 

infants in Chapter 1.

In conclusion, in this limited study in human infants with pulmonary hypertension, 

contractile responses to KCL, Endothelin-1, noradrenaline and U46619 were not increased, 

and the relaxant responses to acetylcholine, Endothelin-1, noradrenaline and salbutamol 

were severely impaired or absent in the pulmonary artery but were well preserved in the 

pulmonary veins.

The loss of dilator responses to acetylcholine, Endothelin-1, noradrenaline and salbutamol 

in the pulmonary arteries and their preservation in pulmonary veins has not been previously 

been reported in the human infants with pulmonary hypertension and is important clinically. 

It could result in unopposed vasoconstricor episodes due to the impaired vasodilatation. It 

shows that vaso-dilators that depend on release o f nitric oxide from the endothelium are 

ineffective in pulmonary hypertension and successful therapies will need to rely on 

alternative dilator mechanisms that may not be as severely affected. cAMP can be increased 

via prostaglandin E l without activating (3-adrenergic receptors and cAMP can also be 

increased by phosphodiesterase inhibitors (Farrukh, 1987). With the current political 

climate and intense public feeling against any tissue retention after death, it is unlikely that 

similar studies on human infant tissue will be able to be performed in the near future. We 

will need to develop more indirect ways of investigating pulmonary hypertension in the 

human infant such as endotracheal macrophage nitric oxide synthase activity studies and 

lymphocyte receptor studies. Although the contractile findings differ from those in our 

hypoxic neonatal porcine pulmonary hypertension model, the relaxation changes are 

identical and thus this appears to be a useful animal model for the further study of relaxation 

responses in pulmonary hypertension.
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Table 8.1 Demographic data from 7 infants with pulmonary hypertension and 3 non-hypertensive infants and 
children.

Pulm onary Hypertensive Infants

Age Male/Female Diagnosis

1. 2 days F PPHN, Lung hypoplasia
2. 4 months F PPHN, Lung hypoplasia
3. 10 days F PPHN, Alveolar capillary dysplasia
4. 2.5 months M Hypoplastic Left heart syndrome,Pulm hypert
5. 11 days F PPHN, Birth asphyxia, Down’s syndrome
6. 25 days F PPHN, Lung hypoplasia
7. 3 months F Ex-prem, chronic lung disease, pulm hypert 

RS V bronchiolitis

Infants/C hildren  with no pulm onary hypertension

1. 4 months M Transposition o f great arteries, ventricular 
septal defect, pulmonary artery banding

2. 5 years M Tubulosclerosis, heart transplant, rejection
3. 11 years M Cystic fibrosis
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Table 8.2 Effect o f  pulmonary hypertension on non-receptor mediated Potassium Chloride contraction, 
Acetylcholine 10'  ̂and Salbutamol 10'  ̂mol/1 relaxation in pulmonary arteries, pulmonary veins and bronchi. * 
= p<0.05 when the 7 pulmonary hypertensive patients are compared to the 3 non-hypertensive patients. Values 
are mean +  SE

C ontraction
Gm/mg + SE 
K  40mmo]/l/wt

Pulm onary A rtery

Pulm onary H ypertension 0.06 + 0.01

Non-hypertensive 0.15 + 0.03*

Relaxation
(% papavarine)
Acetylcholine
lO'^mol/l

Contract only 
139±35% K C 1

Relax 40 + 17*

Relaxation
(% papavarine) 
Salbutam ol

21 + 7*

C ontraction
Gm/mg + SE 
K  40mmol/l/wt

Pulm onary Vein

Pulm onary H ypertension 0.07 + 0.01

N on-hypertensive 0.10 + 0.02

Relaxation
(% papavarine) 
Acetylcholine 
10'^ mol/1

1 0 ± 3  

25 + 7

Relaxation
(% papavarine) 
Salbutam ol 
10'^ mol/1

20 ±10 

13 + 13

B ronchus

Contraction
Gm/mg + SE 
K  40mmol/l/wt

Pulm onary H ypertension 0.03 + 0.01 

N on-hypertensive 0.04 + 0.01

Relaxation
(% papavarine) 
Bradykinin
10'^ mol/1

4 4 + 1 3  

not done

Relaxation
(% papavarine) 
Salbutam ol
10'^ mol/1

48 + 14 

67 + 19
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Table 8.3 Effect o f  pulmonary hypertension on noradrenaline, Endothelin-1 and U 46619 maximum  
contraction (in mg) and E C # in pulmonary arteries, pulmonary veins and bronchi. * =  p<0.05 when the 7 
pulmonary hypertensive patients are compared to the 3 non-hypertensive patients. Values are mean ±  SE

Pulmonary Hypertension Infants

Maximum Contract ECso Maximum Relax
(mg) (log mol/1) (% papavarine)

Pulmonary Artery

Noradrenaline 106 ±42* 6.2 ±0.1 2 ± 2  *
Endothelin-1 129 ±52* 8.6 ± 0 .2 1 ±0.8*
U46619 296 ±83* 6.9 ± 0 .2 -

Pulmonary vein

Noradrenaline 105 ± 5 0 - 42 ± 7
Endothelin-1 4 1 0 ± 9 0 8.8 ±0.1 13 ± 4

Bronchus

Endothelin-1 89 + 40 

Non-hypertensive Control Infants

Pulmonary Artery

Noradrenaline 476 ± 9 4 6.5 ± 0 .2 15 ± 6
Endothelin-1 516 ± 1 6 8.7 ±0 .3 11 ± 5
U46619 1333 ± 280 6.9 ±0 .3 -

Pulmonary vein

Noradrenaline 110 ± 4 8 - 33 ± 8
Endothelin-1 550 ± 9 0 9.0 ± 0 .2 8 ± 4

Bronchus

Endothelin-1 116±43 - -
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Figure 8.1
Contractile concentration-response curves for Endothelin-1 (log  mol/1) in pulm onary arteries, pulm onary veins 
and bronchial rings from  the 7 pulm onary hypertension infants (PA H ) and the 3 non-hypertensive controls. 
U nlike the porcine m odel, Endothelin-1 contractile response w as not increased in  the pulm onary hypertensive 
infants. There was no significant d ifference (N S) betw een  the responses o f  the pulm onary hypertension patients 
and the controls. V alues are m ean + s.e.m ean
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Figure 8.2
Contractile concentration-response curves for Endothelin-1 (log  mol/1), Noradrenaline and the Throm boxane 
analogue U 46619  in  pulm onary arteries from  the 7 pulm onary hypertension infants (PA H ) and the 3 non
hypertensive controls. Sim ilar the porcine m odel, m axim um  contractile response w as greatest for U 46619 , fo llow ed  
by Endothelin-1, and N oradrenaline w as the low est. N one o f  the contractile responses w ere significantly increased  
(N S) in the pulm onary hypertensive infants w hen com pared to the control infants. V alues are m ean +  s.e.m ean
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Figure 8.3
R elaxant concentration-response curves for Endothelin-1 and Noradrenaline in pulm onary arterial, and Endothelin-1 
in pulm onary vein  rings from  the 7 pulm onary hypertensive infants (PA H ) and the 3 non-hypertensive children  
(Control). Similar to the porcine m odel, the pulm onary hypertensive patients produced poorer relaxant responses in  
the pulm onary arteries to E ndoth elin -l(p =0.04) and N oradrenaline (p=0.05). The Endothelin-1 pulm onary vein  
relaxations w ere not significantly different betw een  the tw o groups. V alues are m ean +  s.e.m ean

0

20 -

Relaxation

p ”  ■ «Papavarine

40

80

100

Relaxation
%

Relaxation
%

40

Papavarine60

80

100

20 -

40

80

100

0

20 H

1 1

Pulmonary Artery

* * PAH  
------Control }  p -0 .0 4

1 1 1 1 

-10 9.5 -9 -8.5 -8
Endothelin-1 log mol/1

—— *-------
...................... ..... ; ■ ^

1

Pulmonary Vein
PAH

------Control
........  1

} n s

- . . . . . . . . . . . t  1 1

-10 -9.5 -9 -8.5
Endothelin-1 (log mol/1)

-8

- -----------
k----------------  T .  ...................................................... ..........................................1-------------------------

-

Pulmonary Artery

- - PAH 1
-----------------Control

1

j  p=0.05

1 ............  1 1

-8 -7 -6 -5
Noradrenaline (log mol/1)

-4



257

SUMMARY DISCUSSION

1) Summary of results:

In this thesis, multiple parallels between bronchial and vascular smooth muscle structure 

and reactivity have been described during development and in pulmonary hypertension. 

Firstly, evidence for co-constriction and co-hypertrophy o f bronchial and vascular smooth 

muscle in infants with persistent pulmonary hypertension o f the newborn (PPHN) was 

noted, as the respiratory system resistance was found to be increased during episodes of 

supra-systemic pulmonary hypertension. In post-mortem lung samples from infants with 

PPHN, the bronchial and vascular smooth muscle was increased two fold compared to 

lung samples from 6 infants who had died with no cardiopulmonary disease. 

Morphometry on lung tissue obtained from the porcine model o f normal development 

(Results Chapter 2) showed a reduction o f pulmonary arterial and bronchial smooth 

muscle after birth and then an increase again in the adults, though not back to the fetal 

levels. In animals with experimental hypoxic pulmonary hypertension, there was a two 

fold increase in bronchial and pulmonary arterial smooth muscle, however the pulmonary 

venous smooth muscle was unchanged. The increase in bronchial and pulmonary arterial 

smooth muscle was similar to the increase seen in the infants with persistent pulmonary 

hypertension o f the newborn.

As Endothelin-1 could contribute to the bronchial and pulmonary arterial smooth muscle 

hypertrophy, Endothelin-1 responses in isolated pulmonary arteries, pulmonary veins and 

bronchi from the developmental porcine lung were studied (Results Chapter 3). A 

significant decrease in Endothelin-1 mediated constriction was found in the pulmonary 

arteries, veins and bronchi with increasing age from fetal to adult. Endothelin-B receptor 

mediated relaxation was absent in the pulmonary arterial rings o f the fetal and new-born 

animals and was fully established by 24 hours o f age, and was present in the veins at all 

ages.

Using the porcine hypoxic-hypobaric pulmonary hypertensive model, the Endothelin-1 

contractile effect was found to be increased two fold in the pulmonary arteries and 

bronchi and was unchanged in the pulmonary veins in pulmonary hypertension.
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Endothelin-B receptor relaxation was impaired in the pulmonary arteries during 

pulmonary hypertension, but was unchanged in the veins (Results Chapter 4).

As the vaso and broncho-constriction observed clinically during pulmonary hypertension 

occurs very rapidly, a separate study examined Electrical Field Stimulation (EES) induced 

neural contractile and relaxation responses in the pulmonary arteries and bronchi in the 

porcine hypoxic pulmonary hypertension model (Results Chapter 5). Bronchial and 

pulmonary arterial EES neural contraction was increased and relaxation was reduced in 

the fetal compared to the 3 day old animals. During pulmonary hypertension, pulmonary 

arterial neural contraction was increased, and both bronchial and pulmonary arterial 

neural relaxation was impaired. Also evidence for some impairment o f pulmonary artery 

endothelial and bronchial epithelial function was seen in early development and during 

pulmonary hypertension.

These findings led on to a study on adrenoceptors in the developing lung (Results Chapter

6). Adrenoceptor mediated vaso and broncho-relaxation was impaired in early 

development and in pulmonary hypertension. Though adrenoceptor mediated constriction 

was increased in the fetal and neonatal pulmonary hypertensive animals, minimal 

constrictor effect was observed in the older animals. Again, the veins were largely 

unaffected.

As clinical evidence for bronchial hyper-reactivity persists for some time after recovery 

from severe PPHN requiring extracorporeal membrane oxygenation, Endothelin-1 and 

noradrenaline responses were examined during recovery from porcine hypoxic pulmonary 

hypertension (Results Chapter 7). Recovery from hypoxic pulmonary hypertension was 

found to occur at different rates, some occurring rapidly within 3 days o f removal of 

hypoxia, such as recovery of acetylcholine induced nitric oxide release and reduction of 

pulmonary arterial Endothelin-1 contractile responses. Some aspects o f recovery were 

slower, such as reversal of right ventricular hypertrophy and bronchial contractile and 

relaxant changes. The rate of recovery was also influenced by the age o f the animal during 

development of pulmonary hypertension, with recovery being slower in the older animals. 

Finally, to see if  the porcine results are relevant to the human, Endothelin-1 and 

noradrenaline contractile and relaxation changes were examined in post-mortem lung
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samples from 7 infants with pulmonary hypertension and 3 non-pulmonary hypertensive 

children (Results Chapter 8). In this small study, the contractile responses to potassium 

chloride, Endothelin-1, noradrenaline and the Thromboxane A] mimetic U46619 were not 

increased in human infants with pulmonary hypertension. The relaxant responses to 

acetylcholine, Endothelin-1, noradrenaline and salbutamol were severely impaired or absent 

in the pulmonary artery but were well preserved in the pulmonary veins. Although the 

contractile findings differed from our hypoxic neonatal porcine pulmonary hypertension 

model, the relaxation changes were identical and the animal model appears to be useful for 

the further study o f relaxation responses in pulmonary hypertension.

Thus evidence for parallel increased contractile responses to Endothelin-1, impaired vaso 

and broncho-relaxation to noradrenaline, partial impairment of endothelial and epithelial 

function, parallel alterations in EPS neural responses and co-hypertrophy o f smooth muscle 

were found in the pulmonary arteries and bronchi in early development and in pulmonary 

hypertension. The pulmonary vein responses were unaffected by pulmonary hypertension. 

Therefore the findings support the concept o f parallel responses in the bronchi and 

pulmonary arteries during development and pulmonary hypertension. Anatomically, the 

bronchi and pulmonary arteries lie in close proximity to each other. Thus it is conceivable 

that a mediator or neurotransmitter released locally may act on both pulmonary arterial and 

bronchial smooth muscle to produce parallel changes. The pulmonary veins usually run 

separate from the bronchi and pulmonary arteries, and thus may be less affected. In early 

gestation in the human, airways are essential for pulmonary arterial development, and some 

of the pulmonary arterial smooth muscle cells appear to derive from the bronchial smooth 

muscle cells of adjacent airways (Hall, 2000). This similar embryological origin may also 

contribute to the similarities observed between bronchial and pulmonary arterial smooth 

muscle responses. In contrast, pulmonary venous smooth muscle derives solely from the 

mesenchyme (Hall, 2002).

2)Clinical Significance of Findings:

Clinically, the parallels between bronchial and pulmonary arterial responses are important 

and underestimated. During pulmonary hypertension, broncho-constriction may be so
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severe as to mimic a blocked endotracheal tube. In infants ventilated in intensive care units, 

pressure preset ventilation is frequently used to overcome gas leaks around the uncuffed 

endotracheal tube. During the onset of pulmonary hypertension, as respiratory system 

resistance increases, the delivered tidal volume decreases, with a resultant decrease in 

minute ventilation and a rise in arterial carbon dioxide, as was seen in our infants during 

severe pulmonary hypertension (Results Chapter 1). This rise in carbon dioxide will cause 

the arterial pH to fall and this will trigger more severe pulmonary arterial vaso-constriction 

and worsen the pulmonary hypertension, with a greater potential for the development of 

acute right heart failure and cardiac arrest. In addition lung volume may change and arterial 

PaO] could decrease and this may have further adverse effects on the pulmonary vascular 

resistance. Pulmonary hypertension is still a difficult clinical problem and is associated with 

prolonged intensive care admissions (Schulze-Neick, 2001) and is still associated with 

significant morbidity and mortality (Bando, 1996). In infants following surgery for 

congenital heart disease, the incidence of post-operative pulmonary hypertension ranged 

from 4-59%, and the early mortality associated with these pulmonary hypertensive episodes 

ranged from 8-100% depending on the underlying heart lesion (Bando, 1996). In Bando's 

study o f 880 children, preoperative pulmonary hypertension and absence of prophylactic a - 

adrenoceptor blockers were significant risk factors for in-hospital death related to 

pulmonary hypertension. Thus due to the serious nature of the pulmonary hypertensive 

episodes, ventilation parameters, especially the delivered tidal volume and minute 

ventilation, need to be carefully monitored in these infants and children. Ideally a well 

fitting or cuffed endotracheal tube should be used to allow volume-preset ventilation to be 

used to minimise fluctuations in minute ventilation. Continuous monitoring o f the 

respiratory system resistance using a low dead-space pneumotachograph may also be a non- 

invasive means to monitor fluctuations in pulmonary arterial pressure (once respiratory 

secretions have been excluded as a possible cause) as the pulmonary arterial pressure and 

respiratory system resistance mirror each other (Chapter 1). The finding of heightened EPS 

neural vaso-constriction and impaired vaso and broncho-relaxation during pulmonary 

hypertension emphasizes the need to avoid noxious stimuli by pretreating with narcotics 

such as Fentanyl to avoid sudden neural vaso and broncho-constriction in these infants.
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Opioids reduce the cholinergic and non-adrenergic, non-cholinergic bronchoconstrictor 

responses to EFS in guinea pig, canine and human airways via mu-opioid receptors 

(Belvisi,1992; Matran, 1989). Hickey (1985) found that brief endotracheal suctioning 

resulted in marked increases in pulmonary arterial pressure and pulmonary vascular 

resistance, and these increases were almost completely abolished by 25mcg/kg fentanly. 

Phosphodiesterase inhibition potentiates inhibitory NANC nerves in guinea pig tracheal 

smooth muscle (Rhoden, 1990) and may help improve relaxation responses. Also 

because of the possible presence o f bronchoconstriction as well as vasoconstriction, 

aerosolised delivery o f anti-pulmonary hypertensive medication, such as prostacycline, 

would allow treatment o f both the vaso and broncho-constriction by delivering higher 

concentrations o f the medication to the airway. It would also help avoid increased 

ventilation perfusion mismatching often caused by intravenous medication (Zobel, 1995). 

Agents which are good pulmonary vasodilators as well as good broncho-dilators, such as 

phosphodiesterase inhibitors (Leeman,1987), should be trialed in the management of 

pulmonary hypertension.

3)Limitations of the study:

One o f the main limitations of the work in this thesis is that the pharmacology has been 

carried out on isolated pulmonary arteries, veins and bronchi in an organ bath. This 

technique has all the limitations of in vitro studies, and thus needs to be followed up with 

ftirther in-vivo studies. However it has allowed the investigation o f specific aspects of 

contractile and relaxation mechanisms, which is more difficult to do in vivo. Also the 

individual contributions of the bronchi, pulmonary arteries and pulmonary veins can be 

better assessed when studied in isolation. Some clinical data on lung mechanics 

measurements has also been included to overcome some o f the limitations. Lung 

morphometry and structural data has been included and the in vivo measurements, 

morphometry and organ bath pharmacology results are all complementary to each other. 

This would imply that the organ bath pharmacology results are valid and are applicable to 

the organ as a whole.
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The animal model used to produce pulmonary hypertension was a hypoxic hvpobaric 

porcine model. Thus it raises the possibility that some o f the changes observed may have 

been due to the hypobaric hypoxia instead of the pulmonary hypertension. Other possible 

methods to produce pulmonary hypertension include monocrotaline (Brown, 1998 & Dhein, 

2002), endotoxin (Barefield, 1994), or lipopolysaccharide infusions (Albertini, 2001), and 

pulmonary embolisation (Kim, 2000). In rats, normobaric hypoxia has also been used 

(Barer, 1993 & Montuenga 1992). Our results using the hypoxic hypobaric model compare 

well with the findings of other studies which used alternative methods to produce 

pulmonary hypertension. For example, our results compare well with those from fetal lambs 

with pulmonary hypertension produced by ligation of the ductus arteriosus. Pulmonary 

arterial but not pulmonary venous endothelial dysfunction was present in the pulmonary 

hypertensive lambs (Steinhom, 1995 & Abman, 1990). Also Endothelin-1 induced 

pulmonary arterial responses were increased, and responded to Endothelin-1 antagonists 

(Ivy, 1997). However ideally, similar studies to those described in this thesis should be 

carried out using an alternative method to produce pulmonary hypertension to verify that the 

results are due to pulmonary hypertension resulting from hypoxia and not the hypoxia itself. 

Another limitation is that we are actually trying to improve our understanding and treatment 

of humans and human diseases. We often employ animal models to perform studies that are 

not possible to perform on human subjects. In this study, pigs were used as the porcine data 

and human data are often very similar (Haworth/ Hislop, 1981). However species 

differences do exist and one should always be cautious when extrapolating animal data to 

the human. For example, in our study, noradrenaline induced bronchial responses were 

found to be partially epithelium dependent and Hislop (2002) found p adrenoceptors on 

porcine bronchial epithelium. This is in contrast to the human bronchi, where epithelium 

removal was without effect on the relaxant potency of isoprenaline (Spina, 1998). In this 

thesis, some clinical lung mechanics measurements, morphometry and some limited organ 

bath pharmacology work was performed using human tissue in an attempt to verify the 

animal results. On the whole there was good correlation between the human and porcine 

results, except for the noradrenaline and Endothelin-1 pulmonary arterial and bronchial 

contractile results in the human. The tissue used was post-mortem tissue which was



263

obtained up to 24 hours after death. Also these infants were extremely ill and had been 

subjected to multiple treatments including high frequency oscillation, nitric oxide, high dose 

inotropic support before death, and therefore the results need to be interpreted with a degree 

o f caution. The relaxation results, however correlated well with the findings of the porcine 

model (Chapter 8), and thus on the whole, it is a good animal model.

Another difficulty encountered during the organ bath pharmacology work, was the 

variability o f the non-receptor mediated potassium chloride contraction, which was used to 

standardise the Endothelin-1, noradrenaline and EFS contractile results. Although there was 

no significant change in the potassium chloride response per mg of tissue with animal age in 

the pulmonary arteries and veins, there was a significant decrease in KCL contractility in the 

adult bronchi. Also there was a significant increase in KCL contractility in the pulmonary 

arteries and bronchi during pulmonary hypertension. However, when expressed as gm 

tension rather than gm tension per mg tissue weight, pulmonary hypertension no longer had 

a significant effect on potassium response (Table 4.1, page 110). This variation makes the 

receptor mediated contractile results more difficult to interpret, however, during pulmonary 

hypertension, both the receptor mediated and non-receptor mediated contractility was 

increased. The only alternatives would have been to express the Endothelin-1 and 

noradrenaline results as grams of tension (Arrigoni, 1999), grams tension per milligram of 

tissue or relative to vessel diameter (McIntyre, 1996). This would not have distinguished the 

receptor induced changes from general contractility changes.

Also KCL 40 mmol/1 was used to standardise the receptor mediated contractile responses. 

Subsequent studies have shown that this concentration of KCL may have been sub-maximal 

in some of our animals as the dose required to produce 50% of the maximal contraction 

(ECso ) in adult pigs is 30mmol/l (Johnston, 2000). Ideally it would have been preferable to 

use a supramaxaimal dose such as KCL 100 or 125 mmoFl to standardise the contractile 

response. In two o f our human infants with pulmonary hypertension KCL 40 mmoFl and 

125mmoFl responses were compared and were not significantly different. However, to 

maintain consistency and comparability with the earlier data, KCL 40 mmoFl continued to 

be used. Previous studies found that although the maximum contractile response to KCL
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changes, there was no significant variation o f the E C 5 0  between intra- or extralobar 

pulmonary arteries (Park, 1999) or with sepsis (Yaghi, 1999) or increasing age (Dunn,

1989). Similarly the EC50 for Endothelin- 1  and noradrenaline did not change significantly 

with age or hypoxia (Chapters 6 , 7 & 8 ). Thus we feel that the KCl 40 mmol/1 response 

would reflect generalised changes in contractile response in our animals, and by 

standardising to the KCl response of each individual ring would allow better assessment of 

receptor mediated contractile changes. In addition, where the results were analysed in mg of 

contraction, the results and trends were very similar compared to when contractile response 

is expressed as a percentage o f KCl response (Chapters 6  &7).

Consistencv and reproducibility of organ bath pharmacologv results:

Despite the difficulties and variability described above, the results in our study groups were 

consistent. In Chapter 7 a different set of animals from those used in Chapter 3 were 

studied. When these results are compared, there was no significant difference seen in the 

resultant Endothelin-1 10'*^ mol/1 induced pulmonary arterial vasorelaxation (7.7 + 2.5 % 

papavarine in the 6 day old normal recovery controls (Chapter 7) vs 9 ± 4.1 % papavarine in 

the 6-7 day old normal Endothelin-1 controls (Chapter 3). The contractile results were also 

similar, with Endothelin-1 10'  ̂mol/1 induced pulmonary arterial vasoconstriction being 72 

+ 5 % KCl 40mmol/l in the 6 day old normal recovery controls (Chapter 7) vs 67 + 12 % 

KCl in the 6-7 day old normal Endothelin-1 controls (Chapter 3). The bronchial Endothelin- 

1 10’̂ ^  ̂mol/1 induced constriction was 12 + 1 % KCl 40mmol/l in the 6 day old normal 

recovery controls (Chapter 7) vs 13 + 2 % KCl in the 6-7 day old normal Endothelin-1 

controls (Chapter 3).

In chapters 3, 4 and 8 the baseline tension of the vessels was elevated using 20mmol/l KCl 

before performing a dose response curved to Endothelin-1 to assess Endothelin-1 induced 

vasorelaxation. This method of preconstriction with KCl could have inhibited endothelium- 

derived hvnerpolarizing factor fEDHF) induced vasorelaxation (Bussemaker, 2002), 

although nitric oxide and prostacycline mediated vasorelaxation would have been 

unaffected (Bussemaker, 2002). In our study we found that Endothelin-1 vasorelaxation was 

completely abolished by nitric oxide synthase inhibition (Chapters 3 & 4), suggesting that
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EDHF is not involved in Endothelin-1 induced vasorelaxation and thus KCl should not 

have altered our vasorelaxation results. When U46619 was used to pre-constrict pulmonary 

arteries to assess the effects of normoxic recovery on Endothelin-1 induced vasorelaxation 

(Chapter 7), there was no significant difference seen in the resultant Endothelin-1 10'*^ 

mol/1 induced vasorelaxation (7.7 + 2.5 % papavarine in U46619 preconstricted 6 day old 

normal recovery controls (Chapter 7) vs 9 + 4.1 % papavarine in KCl preconstricted 6-7 day 

old normal controls (Chapter 3). In Chapters 5. 6 & 7, U46619 was used to elevate vascular 

tone, which would not have affected EDHF induced vasorelaxation.

Influence of applied tension on contractile and relaxant responses: The level o f applied 

tension influences subsequent contractile and relaxant responses. Toga (1991) noted a tone 

dependent response to Endothelin-1 in lamb pulmonary vasculature. In the presence of 

elevated tone, a biphasic response was seen, with a dilator response at lower doses and 

vasoconstriction at higher doses, and at low vasomotor tone, all doses caused constriction. 

MacLean (1998) found that the level of basal tension influenced sensitivity, maximum 

contractile and maximum relaxant responses to Endothelin and sodium nitroprusside in rat 

pulmonary artery resistance arteries. In the current study, relaxant responses were studied 

after the tone had been raised to 50% of the KCl 40mmol/l response with either KCl or 

U46619. The KCL 40 mmoFl response was 16% higher in the 0-3 and 3-6 day hypoxia 

pulmonary arteries (Table 4.1). Hence the precontracted tone would have been 8% higher in 

the 0-3 and 3-6 day hypoxia pulmonary arteries compared to the normoxic controls. This 

may have had some influence on the subsequent contractile and relaxant responses to 

Endothelin-1 and noradrenaline in the hypoxic animals, and ideally the contractile and 

relaxant responses should have been studied at similar tension to the controls, in addition to 

studying them at the 8% higher tension. However the changes in the relaxant response with 

0-3 and 3-6 day hypoxia were large with an 80-100% decrease in the Endothelin-1 and 

noradrenaline induced pulmonary arterial relaxation, and it unlikely that this profound 

change was entirely due to an 8% increase in basal tone. A similar decrease in the relaxant 

response was seen following 3-14 day hypoxia, where an identical level of preconstriction 

was used as in the age matched 14 day old normoxic controls.
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Time-controls should ideally be used for all vasodilator studies especially where vasodilator 

responses are small. Time controls were used for the EFS study to assess when the EFS 

response had faded due to deterioration o f tissue response rather than the application of 

different antagonists, and this was used to determine when the study should be terminated 

and recommenced with fresh tissue rings. Unfortunately time controls were not used in the 

noradrenaline and Endothelin-1 studies, and this is a limitation o f the current study and 

makes interpretation o f the very small vasodilator responses difficult. However in many of 

our animal groups, obvious and measurable downward deflections in the tracing occurred 

immediately following the addition of noradrenaline or Endothelin-1 doses, resulting in 

relaxations which were 20-60% of papavarine (Tables 3.3, 4.2, 6.2). Where relaxations 

were very small, such as in the fetal and hypoxic pulmonary hypertension groups, antagonist 

studies were not performed as they were felt to be too difficult to assess and too inaccurate.

Effect o f  Oxvgen Concentration:

During the pharmacology experiments, the organ baths were bubbled with 95% oxvgen 

and 5% carbon dioxide. Many other published studies also used this gas concentration 

(Neild, 1986, Wilson, 1993). Some authors used a more physiological solution o f 16% 

oxygen and 5% carbon dioxide (McCaffery, 2002). However comparison o f the results o f 

studies using the two different gas mixtures appear to be comparable, as similar human 

pulmonary arterial responses to noradrenaline were observed by Nield (1986) using 95% 

and McCaffery (2002) using 16% oxygen. Boels (1999) found that reducing the oxygen 

concentration from 95 to 8% had no effect on the amplitude o f the prostaglandin F2a 

induced contractions or bradykinin induced relaxations in fetal, 3 day old or adult pigs. In 

contrast, Morecroft (1998) noted that increased oxygen tensions greater than 500 mmHg 

abolished acetylcholine induced vasodilatation in fetal and newborn rabbit pulmonary 

arteries, by increased endogenous superoxide anion production and deficiencies in 

endogenous superoxide dismutase activity. The superoxide anion can inhibit the 

vasorelaxation effect o f nitric oxide on the pulmonary artery (Lopez-Lopez. 2001). 

However Villamor (2003) found that total superoxide dismutase (SOD) activity in
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porcine lung tissue did not change with postnatal age. SOD induced pulmonary artery 

relaxation in both 12 hour and 2 week old pigs, although the effect was less marked in the 

newborn vessels (Villamor, 2003). Liu (2003) found that acute hypoxic vasoconstriction 

required increased concentrations o f reactive oxygen species, and that SOD reduced or 

abolished the acute hypoxic vasoconstriction in porcine pulmonary arteries. Thus during 

the brief duration (4 hours) o f our pharmacology experiment, the presence o f a normal 

level o f SOD in the newborn pulmonary artery may have been protective against the 

reactive oxygen species that may have been generated by the 95% oxygen bubbled 

through the organ bath. In our current study, acetylcholine induced relaxations were 

present in the fetal and newborn porcine pulmonary arteries, although they were reduced 

compared to that seen in the 3 day old animals. This reduction in the fetal / newborn 

animals could have been due to immature nitric oxide synthase activity (Arrigoni, 2002) 

rather than an effect o f the 95% oxygen in these animals. In our study we also performed 

experiments on pulmonary arterial and bronchial rings where the wall thickness was up to 

1 mm thick in the adult pigs. Hellstrand (1978) found that oxygen tension fell 60-70 

mmHg between that measured in the solution and the tissue oxygen measured at 0.1 mm 

tissue depth in veins. Hellstrand (1977) also noted that a tissue PO2 below 50 mmHg 

caused graded inhibition o f vascular smooth muscle activity. As our tissue was up to 5 

times as thick, the drop in tissue oxygen tension would have been substantial. Thus our 

studies were performed using 95% oxygen to ensure adequate oxygenation in the larger 

adult tissues. However, ideally some experiments on the fetal/ newborn pulmonary 

arteries should also have been performed using 16% oxygen to ensure there was no 

adverse effect o f using 95% in these animals.

During the EFS experiments, some of the responses were due to direct release o f non-neural 

mediators from the endothelium and epithelium, and occasionally direct stimulation of the 

smooth muscle. This occurred despite reducing the EFS settings to a lower voltage and 

frequency (Chapter 5). This is unfortunately one of the inherent problems with using EFS to 

study neural mechanisms (Fernandes, 1994; Buga, 1992; Frank, 1983). Possible alternative 

methods to study neural responses include direct stimulation o f vagal and sympathetic
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nerves in a heart lung preparation or in an intact animal. Our animal licence did not permit 

instrumented intact animal studies. This should be investigated in future studies.

A maximum Endothelin-1 response was not always achieved in some pulmonary arterial 

and all o f the bronchial dose response curves, despite using a high concentration of 

Endothelin-1. Statistical analysis o f our Endothelin-1 results was thus performed using a 

general linear model with repeated measures, and EC50 values were unable to be calculated. 

The Endothelin-1 EC50 values of the pulmonary arteries and veins where a maximum 

response was reached, were not significantly affected by age or hypoxia, however the 

maximum response was affected. Thus the differences detected using the general linear 

model with repeated measures were felt to be true differences. However maximum 

responses were achieved for noradrenaline and U46619, and EC50 values were calculated 

for these agonists.

In this study the effect o f gender on the results was not specifically examined. In adults, 

primary pulmonary hypertension is more common in females (Christ, 2001). However 

gender parity rather than female preponderance is more characteristic o f paediatric primary 

pulmonary hypertension (Garson, 1998). Persistent pulmonary hypertension of the newborn 

is usually more prevalent in males (Hsieh, 2001). Female rats exposed to chronic hypoxia 

develop less severe pulmonary hypertension than males (Resta, 2001). In our porcine study, 

approximately half of the animals were males and half females in each o f the groups. 

Although the effect of gender was not specifically analysed, we found that the results in 

each group were usually very similar and there did not appear to be two distinct populations 

or patterns o f response. This would suggest that our results were not affected by gender, 

however a closer analysis of the effect o f gender should be performed in the future.

Adult porcine abattoir tissue was used as a final end point in the normal developmental 

studies. This tissue was of variable quality, and it was impossible to determine the exact age 

of the animals. The results from these animals were different from the 3 and 14 day old 

animals with poorer relaxation responses in the adults, which tended to approach but was
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not as marked as was seen in the fetal animals. It is difficult to know if this is a true finding, 

or is a result o f poor tissue or a combination of both. It would have been better to use 15 

week old pigs of known age as has been done in other studies (Mitchell, 1990 [Airway] & 

Wilson, 1993 [Pulmonary artery]). Both Mitchell (1990) and Wilson (1993) found good 

relaxant responses in the 15 week old animals, however contractile responses were 

increased. Our morphometry studies showed a much higher proportion o f cartilage and 

adventitial tissue in the adult bronchial rings, and the bronchial smooth muscle only 

constituted approximately 10% of the bronchial ring, decreasing from 20% in the younger 

animals (Chapter 2). Thus standardising the potassium chloride response to the weight o f 

the ring may under-estimate the true non-receptor mediated contractile response due to the 

increased weight of the other non-smooth muscle content o f the adult bronchial ring. It may 

have been preferable to standardise the potassium response to bronchial diameter and this 

could have been measured at the conclusion of the organ bath experiment. Also there were 

often 3 layers of cartilage present in the adult bronchial rings and this would have made the 

bronchus much more rigid and not able to relax as well as the softer more flexible bronchi 

studied in the younger animals. This may have contributed to the poorer relaxation 

responses seen in the adult animals. In the larger adults, an alternative would have been to 

dissect free the bronchial smooth muscle strips, and to mount the isolated bronchial smooth 

muscle in the organ bath. However, it would not be possible to do this in the smaller 

younger animals. As the main emphasis was to study the effects o f early development and 

early onset pulmonary hypertension on bronchial and pulmonary arterial responses, it would 

have been a major disadvantage not to be able to study the bronchial responses in the 

younger animals. Interestingly, in our 21 day old animals, bronchial smooth muscle and 

Endothelin-1 contractile responses were also already increasing toward adult levels, 

however the relaxant responses were still similar to those seen in the 14 day old animals. 

This suggests some of the adult findings are true findings. However, as the adult pulmonary 

vein relaxation responses were decreased but were normal in the fetal /  newborn animals 

(Table 3.1) suggests the quality of the adult tissue was also poorer.
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4) Comparison of results with published data:

The findings o f the experiments included in this thesis have been extensively discussed and 

compared to the published literature in the discussion section at the end o f each chapter. 

This current work is unique in that it is the first detailed study o f pulmonary arteries, veins 

and bronchi in normal development and juvenile pulmonary hypertension. There are many 

aspects that have not been previously reported, such as the aspects o f the adrenoceptor 

responses, bronchial responses in pulmonary hypertension and bronchial recovery. Where 

there are other similar studies available for comparison, our results generally compare well 

with the published results. There are very few studies that have compared pulmonary 

arterial and bronchial results. Apart from the current author, Cases (1996) is the only other 

author to compare bronchial and pulmonary arterial pharmacology. In Cases study, 

pulmonary arterial responses to Endothelin-1 and noradrenaline were found to be increased 

in human adults who had some reversible airways constriction pre-operatively. No similar 

work has been performed in children, neonates and young animals.

5) Cumulative effects of development

Overall, there was a general decrease in smooth muscle contractility after birth, and an 

increased effectiveness of smooth muscle relaxation. The decrease in contractility was seen 

to Endothelin and noradrenaline in pulmonary arteries, veins and airways. The non-receptor 

mediated potassium chloride contraction also decreased slightly in the pulmonary arteries 

and bronchi. The increased relaxation responses was seen in the acetylcholine, bradykinin, 

Endothelin-1, noradrenaline, salbutamol and the Electrical Field Stimulation induced 

relaxation in the pulmonary arteries and bronchi. This was partially due to receptor changes 

afterbirth with increased Endothelin-B and p-adrenergic receptors (Hislop, 1995 & 2002), 

which are largely responsible for the dilator responses, and a reduction in the more 

contractile Endothelin-A (Hislop 1995) and a-adrenergic receptors (Dzimiri, 1995). 

Concurrent with this is maturation of endothelial and epithelial function in the pulmonary 

arteries and bronchi, with stimulation of nitric oxide synthase activity in the pulmonary 

arteries (Arrigoni, 2002) and increased cyclooygenase activity in the epithelium (Brannon,
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1998). The increased nitric oxide and dilator prostanoid release help facilitate the dilator 

response.

There is also a general reduction in the thickness of pulmonary arterial smooth muscle, and 

bronchial smooth muscle after birth, perhaps also facilitating the improved relaxation and 

decreased contraction.

The decreased contractility and increased dilation was most marked in the 3, 6  and 14 day 

old pulmonary arteries and 3,6 and 14 day old bronchi. Although there were reductions in 

the contractility seen in the pulmonary veins, any changes in relaxation and smooth muscle 

morphometry were subtle and did not reach statistical significance.

In the adult animals, contractility appeared to increase again and the endothelial and 

epithelial function was not as effective. Also the bronchial and pulmonary arterial smooth 

muscle increased again, but not back to fetal levels.

Despite studying several different agents, agonists and pathways, there appeared to be a 

remarkably consistent timetable of changes seen during development in our animals.

6) Cumulative effects of pulmonary hypertension

In animals with evidence of pulmonary hypertension, the opposite changes to those seen 

during normal adaptation to extrauterine life occur with a general increase in contractility, 

impaired relaxation and increased smooth muscle mass. The age at onset o f pulmonary 

hypertension determines whether there is failure o f the normal developmental changes or an 

actual regression back to a more neonatal appearance and response if  a period of normal 

adaptation has occurred (Haworth/ Hislop, 1982). In this current study, the veins were 

resistant to these effects and consequently, the pulmonary vein responses were essentially 

unchanged during the development of pulmonary hypertension.

In the pulmonary arteries and bronchi, non-receptor mediated potassium chloride and 

Endothelin-1 contractility was increased. Concurrently, the dilator mechanisms became 

impaired, again partly due to reversal of the normal receptor changes with increased 

Endothelin-A and a-adrenergic receptors, reduced Endothelin-B and P-adrenergic receptors 

(Noguchi, 1997, Jianming 1991) and also due to a deterioration in endothelial and epithelial 

function. The endothelial nitric oxide synthase pathway appeared to be particularly
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susceptible to dysfunction in the pulmonary arteries, resulting in almost complete loss of 

this pathway (Berkenbosch, 2000). Berkenbosch found that in porcine neonatal hypoxia 

induced pulmonary hypertension, there were multiple disruptions in the nitric oxide 

pathway in the pulmonary arteries, with reduced endothelial nitric oxide synthase, decreased 

soluble guanylate cyclase activity and impaired cGMP-dependent mechanisms. In the 

pulmonary veins, endothelial nitric oxide synthase (Berkenbosch, 2000), nitric oxide and 

soluble guanylate cyclase activity (Steinhom, 1995) remained normal in pulmonary 

hypertension. The epithelial dysfunction or more likely, delayed epithelial maturation, was 

present in the younger 0-3 and 3-6 day hypoxic pulmonary hypertension animals, but was 

much more subtle and minor in comparison to the arteries (Chapters 4 & 5). Also the 

increase in smooth muscle mass in the bronchi and pulmonary arteries (Chapter 2) and 

peripheral extension of the smooth muscle in the arteries would have decreased the 

compliance o f the pulmonary arteries in particular and would also contribute to the 

generalised increased contractility and reduced relaxation seen in both structures. The 

similar embryological origin and anatomical proximity of the bronchial and pulmonary 

arterial smooth muscle beds would also predispose the bronchial smooth muscle to similar 

adaptive and pulmonary hypertensive changes as the pulmonary arteries.

During recovery from pulmonary hypertension, there was a slight separation of bronchial 

and pulmonary arterial response, in that the bronchi appeared to recover slower than the 

pulmonary arteries (Chapter 7).

Hypoxic pulmonary hypertension had a slightly less profound effect on noradrenaline 

induced pulmonary arterial vasorelaxation (80-90% reduction by pulmonary hypertension) 

compared to Endothelin-1 induced vaso-relaxation, which was totally abolished following 

0-3 day and 3-14 day hypoxic pulmonary hypertension. This difference may have been due 

to the noradrenaline relaxation having two possible pathways (nitric oxide release by the 

endothelium [Chapter 6 ) and also via cAMP [Priest, 1997]), whereas Endothelin-1 

relaxation was exclusively mediated via the nitric oxide pathway [Chapter 4] (See Figure 

SD 1).
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Figure SD 1
F low  diagram o f  mechanisms o f  noradrenaline and Endothelin-1 induced pulmonary arterial relaxation.
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Priest (1998) found that in chronically hypoxic rats adenylate cyclase was increased. After 

lung transplantation in dogs, isoproterenol increased tissue cAMP to the same extent as in 

controls, whereas its ability to increase cGMP was reduced approximately 50% compared 

with the controls (Yoshida, 1999). This impairment in cGMP was due to inactivation of 

nitric oxide by endothelium-derived superoxide anion (Yoshida, 1999). The presence of the 

cAMP pathway may explain the slight resistance o f the noradrenaline induced 

vasorelaxation to the effects of hypoxic pulmonary hypertension. This mechanism requires 

further study in the future.
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7) Future Direction:

The current research has produced some unique and interesting results, and has also raised 

many new questions which require further research to try to resolve. Further work is 

required to examine the epithelial changes observed in hypoxic pulmonary hypertension. To 

determine if  the epithelial changes were due to delayed maturation or induced dysfimction, 

further examination o f bradykinin induced prostaglandin release is needed. Also to 

determine if  they were due to the hypoxia itself or the resultant pulmonary hypertension, 

studies using a different pulmonary hypertension model such as an endotoxin model are 

required. Further studies to determine the exact mechanism of the bronchial smooth muscle 

increase and altered bronchial responses in pulmonary hypertension are also still required. 

Similarly, further work on several aspects o f recovery from pulmonary hypertension is 

needed. In particular, a study is required to examine the longer term effects o f normoxic 

recovery on the airway changes, as clinically they appear to persist for at least 6 - 1 2  months. 

Further in vitro studies and studies of responses to catecholamines are required particularly 

in neonates as there is so little published work currently available and the use of 

catecholamines in intensive care units is wide spread. Also more studies on the use of 

adrenoceptor agonists such as clonidine are required in both a developmental and a 

pulmonary hypertensive model, as the use of this agonist in neonatal and paediatric practice 

has become wide spread for the management o f narcotic and sedation withdrawal in 

intensive care units. Clonidine may have markedly different pulmonary effects in young 

infants compared to older children and also different effects in children with pulmonary 

hypertension compared to older children and adults with no pulmonary hypertension.

Also the post-natal maturation of cAMP vasorelaxation, and the effects o f hypoxic 

pulmonary hypertension on cAMP vasorelaxation requires further investigation.
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In conclusion, evidence for parallel increased contractile responses to Endothelin-1, 

impaired vaso and broncho-relaxation to noradrenaline, partial impairment o f endothelial 

and epithelial function, impaired EPS vaso and broncho neural relaxation and co

hypertrophy of smooth muscle were found in the pulmonary arteries and bronchi in early 

development and during pulmonary hypertension. These changes were not seen in the 

pulmonary veins. The findings support the concept o f parallel responses in the bronchi and 

pulmonary arteries during development and in pulmonary disease, and emphasises the need 

to use treatments which benefit both structures.
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