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Abstract of the thesis.

The porcine model of pulmonary development was used to investigate the role of purines and
pyrimidines in the adaptation of the normal pulmonary circulation to extrauterine life {160,8}.
The effect of neonatal pulmonary hypertension (PHN) was studied by exposing animals to
chronic hypobaric hypoxia (50.8kPa.) {172,7}. In vitro force measurements of isolated
vessels demonstrated a P2Y ;-purine receptor mediated endothelium-independent relaxation in
precontracted newborn intrapulmonary arteries (IPA) , which increased with age and was not
affected by PHN. ATP induced an endothelium-independent relaxation in intrapulmonary
veins (IPV) which was unaffected by age. At resting tone, ATP induced a relaxation in JPA
from neonatal piglets, developing a contractile response in the mature animal with a rank
order of potency, uridine 5’-triphosphate > ATP >> «,p-methyleneATP. However, in the
porcine intrapulmonary vein (IPV) the order of potency was «,B-methyleneATP >> UTP >
ATP. Desensitisation experiments indicated that in both IPA and IPV, ATP and UTP were
acting at a different contractile receptor(s) than a,p-methyleneATP. PHN reduced the IPA
contractile response to ATP and UTP. Radioligand binding on frozen lung sections
demonstrated that [358] dATPaS bound to a P2Y-purine receptor but that [358] UTPaS
bound to a non-selective nucleotide-receptor binding site on the media of the IPA. The normal
transient increase in binding of both ligands at 3 days of age was reduced by PHN.

Vessels studied from a small number of normal and pulmonary hypertensive children gave
similar results to those in porcine vessels, except that the P2Y-relaxation of IPA was largely
endothelium-dependent and that [358] dATPaS bound selectively to a P2X-purine receptor on
the media of the IPA from a normal 8 year old child.

In conclusion, the in vitro findings from the present study support the clinical impression that
infusion of a purine will tend to cause vasodilatation of a high resistance pulmonary
circulation such as that normally present at birth and found in PHN, and indicate a therapeutic

potential for these compounds.
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Preface.

This thesis will begin with an introduction to the clinical questions addressed by the study,
including an account of what is understood about adaptation of the normal pulmonary
circulation to extrauterine life and the clinical syndrome of persistent pulmonary
hypertension. The vasomotor control of blood vessels is discussed in general, before
specifically describing the control of the pulmonary circulation. This is followed by an
introduction to the field of purinergic research, including an historical backround,
information about the role and distribution of purines and their classification. The choice of
the experimental animal model selected is assessed.

A description of the materials and methods follows. The results from the study are divided
into 6 chapters, including : the vasodilating actions of the purines, the contractile responses
and autoradiographic ligand binding studies, each chapter incorporating data from a small
amount of human tissue, and lastly comparative studies of porcine intrapulmonary veins. The
discussion of the thesis begins with a critical analysis of the methods used , followed by a

discussion of the conclusions of the present study. It ends with suggestions for future studies.
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Chapter 1 : Background

Introduction to the present study.

There has been much clinical interest taken in the underlying cause and management of
pulmonary hypertension especially in newborn infants with the persistent fetal circulation
syndrome. The pathogenesis of this condition is still not understood and treatment of difficult
cases depends upon prolonged treatment with nitric oxide. There is no other drug therapy
available which is selective for the pulmonary circulation and does not have an adverse effect

on the systemic circulation.

Research into purines has advanced rapidly in recent years and it has become clear that they

have activity in the pulmonary circulation. It is therefore appropriate to assess their role

during early pulmonary neonatal development as the pulmonary vascular resistance is falling

after birth and in relation to neonatal pulmonary hypertension.

The purpose of the present study was to investigate the role of purine receptors in determining

pulmonary vascular reactivity in the normal and pulmonary hypertensive newborn piglet.

Isolated elastic intrapulmonary arteries and veins were taken from normal fetal pigs (5 days

preterm), and normal piglets aged < S mins. - 3hrs. (newbomn), 3, 6 and 14 days of age and

adults aged 9 months. Corresponding tissue was also collected from pigs with pulmonary

hypertension which had been exposed to hypoBaric hypoxia (50.8 kPA) for 3 days, starting at

birth, 3 or 14 days of age.

This study aims to address the following aspects of purinergic activity using the porcine

model:

(a) P2X- and P2Y -purine receptor nucleotide agonist activity at raised and resting tone.

(b) The influence of the endothelium and the effect of putative receptor blockers upon purine-
induced relaxation and contraction.

(c) The possible mechanisms of purine-induced relaxation and contraction.

(d) The distribution and density of P2X- and P2Y-purine binding sites using radioactive

autoradiography.
17



It was hoped that by combining the information collected from each aspect, a picture of
purine involvement in pulmonary vascular function would become more clear, and therefore

the possibility of therapeutic application may become evident.
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General principles of vasomotor control

This section gives an overview of the physiological systems which together modulate vascular
smooth muscle tone, and introduces terminology and concepts used throughout the thesis
concerning vasomotor control. The discussion is then extended to address the pulmonary
circulation.

The mechanisms involved in the involuntary control of vascular tone include neural, smooth
muscle, endothelial and blood borne components. A dual regulation of vascular tone results
from interactions of perivascular nerve and endothelial cell associated factors. The Dale
principle of one nerve, one transmitter was the accepted dogma for neurotransmission until
1976 {107}. This led to the classification of nerves according to the identification of the
dominant neurotransmitter in nerve terminal vesicles and the derivation of the functional
groups of sympathetic (adrenergic, noradrenaline-containing), parasympathetic (cholinergic,
acetylcholine-containing) and peptidergic (containing peptides such as substance P and
c-GRP) nerves. In 1976 Geoffrey Burnstock brought together the accumulated evidence
available in the literature for the release of multiple functional transmitters, which is
encapsulated in the term “co-transmission”, from nerve terminals at smooth muscle junctions
{63}. This philosophy has been found to be applicable to most nervous systems investigated
and has advanced the understanding of nervous communication. The theory of “chemical
coding”, based upon the notion of variable combinations of the transmitters released in turn
determining the outcome of nerve stimulation 1s a product of this work {138}. This extends to
primary afferent and sensory-motor nerves which had been identified as containing
combinations of neurotransmitters and neuromodulators {70}.

In general perivascular nerve terminals are confined to the adventitial-medial border, but
sometimes in larger vessels penetrate further than the outer layers of the smooth muscle
media. The translocation distance from nerve terminal to endothelium would seem to be too
great to make the endothelium a likely target due to degradation and dilution of transmitters in
the biomass. In addition to classical transmitters, evidence has been found for others such as

vasoactive intestinal peptide (VIP), substance P, angiotensin, calcitonin gene-related peptide
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(cGRP), nitric oxide and ATP {59,70}. However, not all transmitters that are co-released

act as transmitters but rather as modulators. Transmitters (or their metabolites) can act on
prejunctional terminal receptors to modulate the release process of many transmitters, such as
adenosine and noradrenaline on P1-purinoceptors and a,-adrenoceptors respectively,
decreasing exocytosis {114,72}. But in some instance the interactions are more complicated.
VIP for example, by prejunctional action reduces release of noradrenaline and ATP , but also
acts at postjunctional receptors to augment the response to the same agonists {70}. The
target cells with the closest proximity are smooth muscle cells , where the transmitters may

bind to specific receptors on the cell membrane.

Receptors for transmitters usually fall into one of two superfamilies: ligand-gated ion-
channels or 7-transmembrane GTP-protein linked receptors. Following activation, both of
these receptor systems can initiate intracellular transduction-cascades which can produce
either vasoconstriction or dilatation depending upon the agonist involved, the prevailing
vascular tone and the environment the vessel is subject to (temperature, gas tensions). The
cascades ultimately regulate the phosphorylation state of the enzymes, protein kinase A and C,
myosin light chain kinase (MLCK) and phosphatases which together regulate the activity of

the contractile filaments.

From the luminal direction, mediators of vascular tone can be found to originate from plasma
(endocrine/autocrine factors), platelets (5-HT, ATP and ADP), smooth muscle
(prostaglandins, ATP,ADP), and the endothelium (ATP, nitric oxide, prostaglandins, 5-HT,
endothelin, vasopressin, substance P) which produce a combined effect {315,243}.

Until the 1980’s the endothelium was seen as a translocation-regulating barrier with anti-
thrombotic properties and as a site of degradation and uptake. The pivotal role of the
endothelial cell in mediating vascular tone was only appreciated after the discovery that
dilators such as nitric oxide (NO) were synthesised by these cells {137,310}. Endothelium-
derived relaxation factors (EDRF’s) are either released into the blood as autocrine factors, or

diffuse into the smooth muscle. NO (or a transitional-stable species) stimulates smooth
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muscle guanyl cyclase inducing an accumulation of ¢’GMP, altering the phosphorylation

state of the contractile filaments and producing vasodilatation. There is not a great abundance
of acetylcholine (ACh) in the blood stream, but local vasoactive agents such as bradykinin and
ATP have both been reported to stimulate EDRF release {150,209 ,43}. Local stimuli such
as shear stress and hypoxia can alter the release of substances (ATP, endothelin) from
endothelial cells, possibly by an action through sensory afferents, which then act in an

autocrine fashion on the vessel wall {39,40,38,272,273}.

VYasomotor control of the pulmonary vessels.

The mechanisms previously described for regulating vascular tone in general may equally be
applied to the vessels of the pulmonary circulation.

In the lung perivascular sympathetic, parasympathetic and sensory-motor nerves have been
identified, functionally and histologically. The nerves usually contain the classical
neurotransmitters noradrenaline {264,143,153,198,278,386,396} and ACh {258}. However,
there are exceptions such as the adult rat which has no adrenergic innervation of the
pulmonary circulation {264}. In addition, there are neuropeptides such as vasoactive
intestinal peptide (VIP), substance P and calcitonin-gene related peptide (cGRP)
{419,10,250} which also act as neurotransmitters, as do purines such as adenosine 5’-
triphosphate (ATP) and adenosine {199,200}and nitric oxide {242,365}. The transmitters
listed above include vasoconstrictor and vasodilator substances some of which are involved
in sensory-motor reflexes. These substances, can be co-localised in nerve terminals and are
co-released. Noradrenaline released from sympathetic nerves acts at constricting o,-
adrenoceptors, but at the same time an underlying activation of vasodilating B-adrenoceptors
occurs as well {197}. ACh may act at both prejunctional M2 muscarinic receptors to inhibit
further release of ACh but also at post-junctional constricting M3 muscarinic receptors on the
smooth muscle {274}. Adenosine and ATP act at prejunctional P1- and P2-purine receptors
which reduce the release of noradrenaline {373}. Other cell types may release vasoactive

substances into the pulmonary circulation. Neuroendocrine cells in the pulmonary arteries of
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adult humans have been found to release serotonin (5-HT), which may induce a

vasodilatation or vasoconstriction, at low or high concentrations respectively {99}.

In contrast to agonists being supplied from the exterior of the vessel by nerves, the
endothelium produces a host of vasoactive substances as mentioned in the general vasomotor
section, and stimuli such as stress, shear and hypoxia can alter the endothelial function. The
involvement of basal EDRF release in the regulation of vascular tone is less certain in
pulmonary arteries than in the systemic vessels {119}. Inhibitors of nitric oxide synthase
(NOS) have been shown to remove the dampening effect of NO on the effect of
vasoconstrictors such as noradrenaline released from nerves and prostaglandin F,q from the
bloodstream {239,324,119}. Nerve stimulation itself has been found to indirectly stimulate
the release of endothelium-derived relaxation factors (EDRFs) by activating K*-channels
{70}. Paradoxically, NO has recently been suggested to operate via voltage operated and
calcium-dependent K'-channels {429}. The release of neurotransmitters may also result from
axon-reflexes which involve sensory-motor nerves releasing transmitters such as ATP, cGRP

and substance P {70}.

The unique environment of pulmonary vessels at the gaseous interface can be associated with
features specifically geared towards the function of the pulmonary vascular bed. In order to
maintain physiological levels of O, and CO, in the blood stream , the vascular bed must
react appropriately so as to optimise ventilation and perfusion in response to changes in the
gaseous environment. This is achieved when the vessels constrict following an hypoxic
stimulus in contrast to the vasodilatation of systemic vessels. A rise in pulmonary arterial
pressure to hypoxia was first reported by von Euler et al in 1946, in the cat {404}. Hypoxic
vasoconstriction results in a redistribution of the blood flow to better ventilated segments,
away from underventilated regions. The mechanisms underlying hypoxic pulmonary
vasoconstriction (HPV) of arteries and veins would seem to involve a combination of many
mediators and pathways, the end effect of which depends on the duration of the hypoxia.

Inhibiting the action of cyclooxygenase and lipoxygenase products has been found to reduce
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adult porcine arterial hypoxic vasoconstriction {270}. An intact endothelium increased the
hypoxic vasoconstrictor response of the main pulmonary artery in the adult pig suggesting a
role for the endothelium in the hypoxic response {188}. Endothelial factors have been
associated with both of the HPV contractile phases of small and large PA in the adult rat
{426}. Hypoxia has been shown to reduce basal levels of nitric oxide from cultured bovine
pulmonary arterial endothelial cells and cGMP levels in arterial rings {407}. However, basal
cGMP levels in arterial rings from newbomn piglets after exposure to chronic hypobaric
hypoxia were not reduced {399}.

The pulmonary artery relaxation response to PGI, is reduced following hypoxia, attributed to
receptor down-regulation {368}. The haemostatic balance between TXA, (vasoconstrictor)
and PGI, (vasodilator) has been an established part of systemic vasomotor regulation and can
be applied in the pulmonary circulation. TXA, metabolites were high, while PGI,.
metabolites were reduced in children with congenital heart defects and either primary or
secondary pulmonary hypertension {4,90}.

Chronic hypoxia-induced pulmonary hypertension has been linked to increased levels of
catecholamines and increased or premature sympathetic innervation leading to increased
vasoconstriction {205, 10}. Chronic hypoxia in adult rats produced an increased 5-HT-
induced pulmonary vasoconstriction of isolated PA and in vivo administration augmented the
pulmonary vascular remodelling and acute hypoxic pulmonary vasoconstriction {249,125}.
HPV in the adult rat and human were found to be significantly dependent on the presence of
calcium {190,426}. Pulmonary arterial smooth muscle cell depolarisation induced by
hypoxia through inhibition of Ca2+-dependent- and Ca2+-independent—K+-channels may
initiate HPV, in the adult dog and rat {407,342}.

The fetal pulmonary vascular bed exists in a constricted state, possibly as a response to
chronic hypoxia. The postnatal fall in pulmonary arterial pressure which occurs during

adaptation to extrauterine life will be discussed in the next section.
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Normal adaptation of the pulmonary circulation to extrauterine life.

A high resistance to blood flow is present in the fetal pulmonary circulation, because the
intrapulmonary arteries are constricted . Blood from the right ventricle is directed through the
ductus arteriosus and so bypasses the lungs. At birth the lungs expand and the blood vessels
of the lung must dilate rapidly to lower resistance and allow an increase in pulmonary blood
flow to produce efficient oxygenation of the blood. The change in pressure distribution
between systemic and pulmonary circulations and an increase in arterial oxygenation

saturation causes the ductus to close {181}.

In the normal lung, both human and porcine, structural adaptation to extrauterine life involves
the entire length of the intrapulmonary arterial pathway {159,176,160,8}. At birth, thick
interdigitating endothelial cells and brick-like immature smooth muscle cells show an
immediate increase in surface : volume ratio and "spread" within the vessel wall to increase
lumen diameter and lower resistance. Adaptation does not involve a reduction in the amount
of vascular smooth muscle, as had been supposed. Rapid remodelling is probably facilitated
by the relative lack of fixed type I collagen which is synthesised mainly after birth
{159,176,160,271,8}. At birth, all pulmonary vascular smooth muscle cells are structurally
immature with synthetic organelles predominating {159,176,8,155}. Their contractile
myofilament concentration increases rapidly during the first six months of life. The
pulmonary arteries and veins are innervated in the healthy human infant. Nerves extend to the
respiratory units {10}. Sympathetic nerves containing tyrosine hydroxylase and neuropeptide
Y were found in both vessel types. Vasoactive intestinal peptide occur only in arteries and
somatostatin is only abundant in parasympathetic nerves of proximal veins. The innervation
of the respiratory units arteries increases with age, more so than in the veins{10}. Innervation
of the vasculature of the porcine lungs increases dramatically during the first weeks of life,

involving sympathetic and peptide containing nerves{419}.
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NO is thought to be a factor in reducing basal tone{119}. The nitric oxide pathway has

been found to be less effective in the newborn than in later life, but it does play a role at birth.
Basal NO release increases during late gestation in the pulmonary bed of the lamb and
inhibiting nitric oxide synthase with L-NA prevented the oxygen-stimulated increase in flow
to the pulmonary circulation in fetal lambs {369,280}. Ovine and porcine fetal and newborn
{131,241} intrapulmonary arteries show a basal release of EDRF, but endothelium-dependent
relaxation appears to be relatively poor at birth. In isolated porcine intrapulmonary arteries
taken from newborn animals acetylcholine-induced relaxation does not occur until 60 hours
of life {241}. Recent work has demonstrated a low binding density of muscarinic receptors
on the extra-and intrapulmonary artery at birth {A.A.Hislop personal communication 1997}.
This rapidly increases during the first 3 days of life. A large surge in ACh-induced relaxation
then occurs from this point until ten days of age when the response began to decline gradually
to a lower adult level by three months of age {241}. The m1 mRNA rather than the m3
mRNA predominates during the first week of life. M1 and M3 receptors have been shown to
mediate acetylcholine induced relaxation of adult human IPA {297}. At birth acetylcholine
stimulation had no effect on porcine arterial smooth muscle basal c’GMP accumulation , but
significantly increased the accumulation in adult vessels. The relatively high basal level of
¢'GMP in newborn porcine arteries was associated with an abundance of endothelial NOS at
birth, which was maximal at 2-3 days and then decreased gradually to the smaller amount
normally present in adult vessels {186}. Intrapulmonary arteries from newborn lambs relaxed
to the calcium ionophore A-23187, (sodium nitroprusside) SNP and NO in the presence of
indomethacin and propranolol {380,3}.

Bradykinin induced an endothelium-dependent vasodilatation, via nitric oxide (NO), of fetal
ovine pulmonary arteries and induced the same reduction in pulmonary arterial pressure in
perfused lung preparations from one and seven day old piglets {146,321}. However, several
other investigators have shown a greatly reduced response to both acetylcholine and
bradykinin in fetal rabbit and immature porcine pulmonary arteries as compared with the adult
response{425,2,448}. Endothelium-dependent vasodilatation to ADP of IPA was also found

to be poor in fetal lambs but increased significantly in postnatal animals {3}. The
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vasodilatation induced by endothelin-1, mediated partially by NO acting through the ETp-
receptor, was found to be greatest in the 1 day old perfused porcine lung {321}. At this age
an increase in total binding of [I'**] endothelin-1 to the intrapulmonary artery corresponds
with, and can be attributed to, transient binding to ETB-receptors on the endothelium of
elastic porcine intrapulmonary arteries {187}. Infusion of prostacyclin (PGI2) induced
pulmonary vasodilatation in intact fetal lambs, suggesting a role for PGI2 during extrauterine
adaptation {151}. Fetal and newborn rats display a lower clearance of PGE{ which induces
vasodilatation, than adult animals {303}.

Intrapulmonary artery smooth muscle cells were capable of relaxing in response to the NO
donor SNP at all age groups {241}. The response increased with age in the pig but not the
sheep {241,3}. Direct relaxation of intrapulmonary artery smooth muscle cells by activation
of K*-A7p channels is thought to occur in ovine fetal pulmonary vasodilatation . However,
there have been contradictory reports as to the involvement of NO as a mediator in this
response {80,96}. Vasodilatation induced by K- a1p channels occurs readily in isolated

newborn porcine pulmonary arteries and the response does not increase with age {321}.

The site of vascular resistance and regulation of blood flow in the pulmonary circulation has
been associated with the arterial segment, and especially the microvessels {332,329,158}.

The contribution of the intrapulmonary veins to total pulmonary vascular resistance appears to
vary with species and age. In the ferret the contribution of the IPV is similar to that of the
IPA {333}. The contribution of the IPV to total pulmonary vascular resistance was found to
be greater in young rabbits than in the adult animals {331}. The role of EDRF in controlling
basal tone has been found to be greater for IPV than IPA in both newborn and adult lambs,
suggesting that resistance may at least be partially regulated by the venous segment of the
pulmonary circulation {379,142}. Intrapulmonary veins from newborn lambs displayed
maximal relaxation to A-23187, SNP and NO with a greater sensitivity than the arteries, in the
presence of indomethacin and propranolol {380}. IPV also relaxed more than IPA to both

ACh (cGMP stimulator) and pentoxifylline (cAMP stimulator) in the fetal lambs{220}.
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In the newborn piglet, the pulmonary arterial endothelium appeared to have a

predominantly contractile effect as PGFy, and KCl evoked a greater contractile response in
intrapulmonary arteries which had endothelium than in those without endothelium {233}.
After 3 days of age this relationship was reversed . Contractions induced by phenylephrine
were greater in the absence of the endothelium at all ages. However ,the endothelium did not
influence histamine-induced contractions at any age {233}and the sensitivity to KCI did not
change as age increased {425} The magnitude of the contractions induced by phenylephrine
increased with age, possibly because the o;-adrenoceptor density was greater in the
intrapulmonary artery of the adult sheep as compared to the fetal animal {241,233,367}.
Plasma levels of endothelin-1 were high at birth and then decreased rapidly in piglets, even
though vasoconstrictive ET ,-receptors are present at all ages {187}. These findings suggest
that endothelin may help to maintain a high pulmonary vascular resistance in utero. In the
normal human infant, mature pulmonary haemodynamics are believed to be established by
six to eight weeks of life {161}. This has also been shown to be the case for the pig

{174,154}.

27



Abnormal adaptation of the pulmonary vasculature to extrauterine life.

The fall in pulmonary arterial pressure associated with normal adaptation to extrauterine life
does not occur in all human newborns, resulting in persistent pulmonary hypertension.
Failure to adapt normally to extrauterine life has been studied in several species by exposing
the newborn animal to hypoxia. When newborn pigs were kept in a hypobaric environment
from birth the endothelial and smooth muscle cells retained their fetal shape and spatial
relationships so that arteries failed to dilate normally {7,9}. Within three days, smooth
muscle cells myofilament concentration was abnormally high and the cells had deposited
excessive collagen (predominantly type I) and elastin around themselves, as had adventitial
fibroblasts. These changes appeared to fix the porcine vessels in an incompletely dilated
state. The vessels of hypoxic calves showed increased levels of mRNAs for type I and IV
collagen and elastin {103,381}. The decreased lumen in hypoxic rats (8-36 days of age) was
associated with increased extracellular matrix but reduced collagen concentration in the young
amimals {268}. Ligating the ductus arteriosus of fetal lambs results in remodelling of the
pulmonary arteries {24}. In the porcine lung the magnitude of the structural response
depended upon the age at initial exposure to hypoxia, even a short period of normoxia after
birth was protective. In adult rats structural remodelling of intrapulmonary arteries resulting
from chronic hypobaric hypoxia was found to be reversible {267}. Intrapulmonary veins can
become remodelled in certain pathological conditions, such as mitral stenosis, but is less

evident in hypoxic pulmonary hypertension {175,408,52}.

A similar pattern of remodelling with thick walled peripheral pulmonary arteries is seen in
babies who die with PPHN {172}. Healthy humans , living at high altitude (chronic hypoxia)
have a higher pulmonary arterial pressure than those living at sea level due to remodelling of
the pulmonary vasculature. This situation was identified in Indian natives of Bolivia and
China in whom non-invasive and invasive measurements were made and postmortem tissue
analysed {177}. Isolated pulmonary arteries from patients with end-stage chronic obstructive
lung disease have been shown to have a reduced endothelium-dependent vasodilatation

response to ACh and adenosine diphosphate {118}. Species other than man have been
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studied at altitude to investigate pulmonary hypertension, as a comparative and indirect

approach to the human condition {398,15,120,178}.

The maturation of the EDRF pathway was prevented by exposure to chronic hypoxia from
birth in piglets. In young animals first exposed to hypoxia at 3 days of age the newly
established relaxation response was blunted. The raised pulmonary blood pressure of calves
allowed to adapt normally for 4 hours and then exposed to chronic hypobaric hypoxia was not
reduced by infusion of ACh ir vivo {120}. However, a similar study in calves found
vasodilatation to ACh and attributed their result to their being a greater active vascular tone in
vivo {304}. EDREF relaxation and associated c’GMP levels were reduced in the adult rat
pulmonary artery after 4-5 weeks exposure to hypoxia {343}. A reduction in pulmonary
artery relaxation in response to ACh (and isoproterenol) was also found in adult rats when
pulmonary hypertension was induced over 14 days not by hypoxia but a bolus dose of
monocrotaline{12}.

In piglets with PPHN, smooth muscle cell relaxation to exogenous nitric oxide and
Zapronast was reduced despite stimulating an increase in ¢’GMP levels {399}.
Intrapulmonary arteries from lambs with persistent pulmonary hypertension failed to relax to
A-23187 and had reduced relaxation responses to SNP and exogenous NO. However, in
vessels of the same animals the relaxation response to 8-bromo ¢’GMP was not significantly
different from that in normal age-matched animals . This would suggest that at least part of
the dysfunction lies between the activation of nitric oxide synthase and regulation of the
smooth muscle contractile filaments {399}.

The amounts of PGI, and PGE, (prostaglandin E2) released from intrapulmonary

arterial rings isolated from pulmonary hypertensive calves were reduced {15}. Exogenous
PGE, and PGI, reduces the pulmonary arterial pressure and resistance in hypertensive
juvenile pigs and in children with primary and secondary pulmonary hypertension
{323,76,20, 303,102,206}. Plasma endothelin levels increase in the chronic hypoxia adult
rat and in the newborn infant with PPHN {407,345}. A similar increase in endothelin-1

plasma levels was found to be associated with an increase in the vasoconstrictor ET ,-
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receptor subtype density on IPA from pulmonary hypertensive neonatal piglets (296).

In adult rats, 72 hours of acute exposure to hypoxia resulted in an augmented relaxation
associated with K*-channel induced hyperpolarisation and blockade of Ca2*- ion channels in
the pulmonary artery {343} and with increased NO activity {407}. This may be attributed to
an autoregulation response, where short term dilator activity increases in an attempt to
compensate for hypoxic vasoconstriction.

Exposing newbormn piglets to chronic hypoxia for 3 days from birth increased the
vasodilatation of pulmonary resistance arteries induced by activation of K'-4rp channels
{41}. Levcromakalim has also been shown to inhibit hypoxic vasoconstriction in adult rat
pulmonary resistance arteries {426}. The initial acute phase of pulmonary hypertension
induced by monocrotaline administration was associated with a transient upregulation of
vasoconstriction by potassium chloride, angiotensin II and norepinephrine{12,327}.
However, it has been found that the acute hypoxic vasoconstriction event in the adult guinea

pig does not initiate or determine the extent of remodelling by chronic hypoxia {393}.

Studies comparable to those done carried out using IPA have also been done with
intrapulmonary veins (IPV). In adult rats with monocrotaline-induced pulmonary
hypertension the relaxation of isolated IPV to A-23187, SNP and NO was not significantly
different from their age-matched controls {380}. Intrapulmonary vein prostaglandin
production was not reduced , in contrast to the IPA{15}. It would seem that the relaxation
capacity of the IPV remains protected in a pulmonary hypertensive circulation. However,
venoconstriction was found to be responsible for thromboxane-induced pulmonary
hypertension in neonatal lambs, and in adult rats the contractile response to hypoxia was
greater in the pulmonary veins than in the arteries {424,428}. An increase in the sensitivity
of IPV from adult sheep to cyclo-oxygenase products underlies the increase in the hypoxic
vasoconstriction response following a period of hypoxia. Oxygen radicals may be responsible
for increasing the reactivity of the IPV in this study {371}.

Despite learning more about the structural and functional abnormalities associated with

PPHN, clinical management of sick newborns remains unsatisfactory.
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Persistent pulmonary hypertension of the newborn (PPHN): the clinical
syndrome.

The pulmonary vasculature of newborn infants is notoriously labile even in the presence of an
anatomically normal heart. In the presence of congenital heart disease the outcome of
palliative or corrective surgery in newborn and young infants can be determined by the
reactivity of the pulmonary vascular bed. In the presence of an anatomically normal heart, the
clinical course of babies with PPHN is variable and the mortality is between 20-50% {133}.
A persistent fetal circulation is the manifestation of many underlying abnormalities {161}.
The most common cause of PPHN in the newborn with delay or failure of the pulmonary
vascular bed to adapt to extrauterine life is hypoxia, either intrauterine, intrapartum or

postpartum.

Babies who have an hypoxic delivery and die during the first two days of life with persistent
pulmonary hypertension in the presence of an anatomically normal heart die with an
unadapted pulmonary arterial wall structure {173}. In those who live longer, secondary
changes develop with medial hypertrophy and the differentiation of smooth muscle cells in
smaller, more peripheral arteries than is normal for age. The findings are similar to those in

babies dying of idiopathic persistent pulmonary hypertension {172,328}.

The aim of clinical intervention in patients with PPHN is to produce a haemodynamic
situation which will allow natural or surgical correction of an abnormality to proceed. The
method of achieving this will be dependent on the patient’s responsiveness to treatment which
in turn will be determined by the underlying cause of the raised pulmonary arterial pressure.
The development of a range of strategies has been important in reducing the mortality rate
from the 20-50% reported in the recent past to a better outcome for the 1 in 1000 newborns
with PPHN {281}.

Diagnosis and signs of the underlying problem may be achieved by a combination of clinical

judgement, chest X-ray, cross-sectional echocardiography and Doppler studies.
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The obvious point of intervention is to target the underlying disease / defect causing the
raised pulmonary arterial pressure. In lung disease, ventilation with 100% O2 may reduce
alveolar hypoxia due to perinatal asphyxia or parenchymal disease and administration of
buffers can reduce metabolic acidosis. A jet system of administering oxygen has been
developed which increases the likelihood of gases reaching the underventilated regions of the
lung {161}. Exogenous surfactant (liquid or partial-liquid) may help reverse atelectasis due
to reduced surfactant function. A combination of problems may indicate the need for high
frequency ventilation but this may be linked to sensorineural hearing loss, and poor
developmental outcomes indicates caution as to the degree of ventilation used {281}.
Pulmonary hypoxic vasoconstriction is usually severe and a range of vasodilating drugs has
been used. These include tolazoline, sodium nitroprusside, prostacyclin, prostaglandin D,,
prostaglandin E,, adenosine 5’-triphosphate and adenosine. However, these substances
display a lack of pulmonary-selectivity and have various unwanted side-effects. Infusion of
PGI, reduces the pulmonary arterial resistance in children with primary and secondary
hypertension and enhances the selective effects of ventilation with 100% oxygen but may also
induce systemic hypotension {76,20,75}. Whilst, calcium-channel blockers such as
nifedipine do reduce the pulmonary arterial pressure, they have unfavourable systemic
vascular and cardiac effects {293,423}. Extracorporeal membrane oxygenation (ECMO) has
been shown to benefit critically ill babies with PPHN who have systemic hypotension and
possibly allows surfactant function time to develop {National ECMO study in progress}.
Unfortunately, the need for systemic heparinization increases the risk of intracranial
haemorrhage.

Dysfunction of the vasodilator properties of the pulmonary arterial endothelium in the
postpartum period has been thought to be involved in the pathogenesis of PPHN. Currently
nitric oxide gas (NO) is the most effective therapeutic available . Being an inhaled gas, the
effect of NO is restricted to the pulmonary circulation, as it is rapidly metabolised by
haemoglobin {318}. NO has been shown to be successful in treatment of PPHN caused by
hypoxia or hypercarbia {282,217}. NO requires access to the affected regions of the lung,

which is not always possible if severe parenchymal disease is present. In these cases it has
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been found that high frequency ventilation or surfactant treatment used as an adjunct to

NO can improve effectiveness depending upon the extent of the parenchymal disease
{346,218}. Clinical trials addressing the dosage regimes of NO are in progress in order to
determine the optimal dose of NO to be given in specific circumstances. NO can be toxic,
particularly to the brain when metabolised and may also reduce surfactant function {281}.
Cyclic GMP phosphodiesterase inhibitors increase the effectiveness of NO but are not yet in
routine clinical use. Treatment for pulmonary hypertension in infants was shown not to
affect the long-term development of neurophysiological or cardiorespiratory function of the
infants involved {27}. However, a recent study of nitric oxide and high frequency ventilation
has shown that children treated successfully for persistent pulmonary hypertension can have

long-term medical complaints {218}.

Adenosine 5’-triphosphate has been mentioned in this section as a vasodilator in infants
pulmonary hypertension . Little research has been done to support the use of ATP 1n this
disease or the possibility of systemic hypotension at high concentrations and action at
receptors which are distributed throughout the various tissues of the body. The following
section gives a background to the pharmacology of ATP (purines) and will be the basis of the

present study.
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Purinergic pharmacology.

Historical background

ATP is a primitive biological molecule which has been identified as both as an intracellular
energy source and as an extracellular signaller during evolution {73}. Adenine based
substances were first observed to elicit a physiological response in a mammalian system
when extracts from different tissue, shown to contain adenylic acid, were injected into the
circulation of various animals {121}. In each case a transient sinus bradycardia was recorded.
Subsequently, adenosine was found to mimic the effect of the heart extract. The intracellular
role of adenine based substances was not discovered until 1941 when it was shown than ATP

had a central metabolic role {235}.

A non-adrenergic non-cholinergic (NANC) nerve transmission was first reported in the guinea
-pig taenia coli and urinary bladder but the nature of the transmitter was uncertain {60} .
However, in keeping with earlier reports that exogenous ATP could stimulate smooth muscle
{189,57,13}, Burnstock et al produced evidence to suggest that the inhibitory substance
released from non-adrenergic intrinsic nerves of the guinea -pig taenia coli was "ATP or a
related nucleotide" {61}. Since that time , it has become clear that ATP is a co-transmitter in
sympathetic, parasympathetic and sensory nerves {189,68}

The term "purinergic transmission" was proposed by Burnstock in 1972 and since that time
purine pharmacology has evolved to become an important area of research which
encompasses an array of physiological processes {62,305}, It has remained a challenge to
apply a relevant receptor-classification system. The system is still being revised to

accommodate new information about purine pharmacology.

Receptor classification .

Classification of purinergic receptors has proven to be complex and difficult to achieve.
Responses induced by different purines indicated a possible subdivision of the receptors

involved. It was proposed that the family of nucleoside-receptors with the greatest sensitivity
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for adenosine, operating through adenylate cyclase and blocked by methylxanthines,

would be called P1-purinoceptors (Table 1, Table 2). In parallel, a family of nucleotide-
receptors with the greatest sensitivity for ATP and ADP and influencing prostaglandin
synthesis, were called P2-purinoceptors {64}.

In 1985 it was proposed that the P2-purinoceptors should be divided into excitatory -P2X and
inhibitory-P2Y families of receptor, based on the assumption that one receptor could not
explain the variety of responses induced by ATP in a variety of tissues{65} (Table 3). Two
structural analogues of ATP were found to be particularly useful in distinguishing the receptor
responsible. a,p-meATP evoked excitatory responses in rat vas deferens where
2-methylthioATP did not {211,149}. 2-methylthioATP relaxed guinea-pig taenia, a tissue
which did not respond to o,3-meATP. In addition a,B-meATP was found to desensitise only
the ATP excitatory responses, by an intracellular phosphorylation process {244}. As more
reports of purine induced responses were collated, it was noted that the traditional agonist
rank orders of potency were beginning to vary from those taken to indicate the involvement of
a definitive P2X- or P2Y- receptor. Instead, receptor subtypes were described on the basis of
functional agonist selectivity data, incorporating new chemically modified purinergic
agonists as they were developed, and pyrimidines yielding P2-X,-Y,-U,-Z,-T,and -D

(Table 4).

In 1991 Dubyak concluded that purinoceptors were either receptor operated ion channels
called P2X-purinoceptors {25,50,21,401), GTP binding protein- linked P2Y-purinoceptors
{48,122,19}, or a non-selective ion channel known as P2Z, a theme acknowledged by
Abbrachio and Burnstock in their 1994 re-classification proposal {1}. Most receptor
classifications had been addressed only from a functional standpoint using available agonists
and antagonists in classical pharmacological experiments. However, in 1993 the P2Y,_and
P2Y,- receptors were cloned {412,247} followed by the P2X-purine receptor in 1994
{50,401} signalling the involvement of molecular biology in classifying receptor subtypes
and a role in identifying new receptors. The receptors existing in 1994 were regrouped as
P2X1-4 and P2Y 1-7 by considering analogue activity, transduction mechanisms and the

structural motifs of cloned receptors {1}. The rationale was to implement a more logical
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system of nomenclature which had to include those receptors already identified but in
addition be able to accommodate the growing purine- and pyrimidine-selective receptors
being described {230,348}. It was also suggested (Purines 96 Symposium in Milan) that
new receptors should only be classified if the clone could be expressed in a mammalian cell
line (an unpopular suggestion considering that the first cloned receptor was from chick brain
{412}, due to the growing number of receptor subtypes which had been suggested only on the
basis of their being interspecies heterogeneity of base sequence. The current situation
described in Tables 5 and 6 has been produced by Prof. G. Burnstock’s group who will be co-
ordinating receptor classification in an attempt to avoid the confusion that has occurred in the

past.
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Table 1. First subdivision of purine receptors proposed in 1978.

P1 P2
Agonist potencies Adenosine > AMP > ATP  ATP > AMP > adenosine
Xanthine antagonism Yes No
ANAPP3 antagonism No Yes
Localization Presynaptic and Mainly postsynaptic

Activity of derivatives

Function
Transmitter release
Direct on smooth

muscle
Adenylate cyclase
activity
K+ permeability
Ca"" permeability
Activation of cyclo-
oxygenase

Cardiac activity

postsynaptic
L-adenosine inactive
8-Bromoadenosine

1nactive
2’-Deoxyadenosine

mnactive

Reduced release

Relaxation

Increased or decreased in
some tissues

Increased in some tissues

Decreased

No

Negative inotropy (atria)

L-ATP active

8-BromoATP active

2’-DeoxyATP active

Little effect on release

Relaxation or contraction

No effect

Increased in some tissues
Increased

Yes

Positive or negative

inotropy (ventricle)

From Ref. 382. Stone.T.W. (1989). Purine receptors and their pharmacological roles. Advance in Drug

Research.., 18, 292-429.



Table 2. P{-purinoceptor subtypes.

Nomenclature Al A2a A2bh A3 A4
Selective N6-Cyc]openty]adenosine CGS-21680 NECA APNEA CV-1808
Agonists N"-Cyclopentyladenosine N--Benzyl NECA
Selective CPX CP66713 CcpPX 1-ABOPX CGS-15943
antagonists CPT KF17837 Alloxazine

DPCPX 8-(3-Chlorostyryl) caffeine

8-Cyclopentyltheophylline

XAC
Transduction {cAMP TcAMP TcAMP LcAMP rrt
mechanisms T}P3, TK+, lca?t T31P3
Radioligands [JH}-CHA [gH]-CGs-zmso [}-APNEA [>H]-CV-1808

[3HI-CPX [{H)-NECA 125 ['“1IABA

[ZH]-R-PIA [ ““1]-PAPA-APEC ["““1]-PAPA-APEC

["H}-DPCPX

Gene
Structural information
Amino acids

Molecular
mass (kDa)
G-protein-
coupling
Distribution

al (rdc7 canine)

326 aa human 7TM

326 aarat P25099 7TM
326 aa canine P11616 7TM
326 aa bovine P28190 7TM
328 aa rabbit 7TM

37

Gi(1-3)

Brain (highest in cortex
hippocampus, cerebellum,
testis, adipose tissue, heart,
kidney

a2A (rdc8 canine; DT3S rat)

409 aa human P29274 7TM
410 aarat P30543 7TM
412 aa canine P11617 7TM

45

Gs

Brain (highest in striatum,
nucl. accumbens,
tuberculum, olfactorium)

a2B (RFL9rat)

328 aa human P29275 7TM
332 aarat P29276 7TM

36

Gs
Wide. High in gastro-
intestinal tract.

a3 (R226 rat)

318 aa human 7TM

320 aa rat P28647

317 aa sheep 7TM

36

Testis. Wide in some species

APNEA: N°-2-(4-aminophenyl)ethyladenosine; R-PIA: N°-(R-phenylisopropyl)-adenosine; CHA: N°-Cyclohexyladenosine; 1-ABOPX: 3-(3-lodo-4-aminobenzyl)-8-(4-
oxyacetate)-phenyl-1-propyl xanthine; CPT: 8-Cyclopentyl-1,3-dimethylxanthine; NECA: 5'N-ethyl-carboxamidoadenosine; CPX: Cyclopentyl-1,3-dipropylxanthine;

PAPA-APEC: 1-[6-Amino-2-[[-[4[3-[[2-[[4-aminophenyl)acetyl]amino]-ethyl]amino]-3-oxopropyl]phenyl]ethyljamino]-9H-purin-9-yl]-1-deoxy-N-ethyl-B-D-

ribofuranuronamide. (ref. 71. Burnstock.G. (1995). Current state of purinoceptor research. Pharmaceutica Acta Helvetiae. 69, 231-242).
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TABLE 3 Proposed subclassification of P2 purinoceptors in 1985.
P2X purinoceptor P2Y purinoceptor
Name Samily Sfamily p2Z
Type Ligand-gated channel G protein-coupled Non-selective pore

General agonist
profile

Antagonists

,B-meATP>B,y-
meATP>ATP»
2-MeSATP~ADP

o,B-meATP
desensitisation

Suramin

Selectively blocked
by PPADS
ANAPP3

2-MeSATP>
ATP=ADP
>o,B-meATP
2pB,y-meATP

Suramin
Reactive blue 2

ATP*

Oxidized ATP

o,B-meATP, a,B-methylene ATP; B,y-methylene ATP; 2-MeSATP, 2-methylthioATP;

PPADS, pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid; ANAPP3, 3-0-3[4-azido-2-
nitrophenyl)amino] proprionyl ATP.

(ref 1. Abbrachio.M.P., Burnstock.G. (1994). Purinoceptors : are there families of P2X and P2Y purinoceptors.

Pharmacol Ther., 64, p445-475).
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TABLE 4 P, Purinoceptor: Characteristics and Subclassification in 1991.

Receptor Pax Pyy P2y (P2n) Py Py, P2p

Type Intrinsic ion channel G-protein-coupled G-protein-coupled G-protein-coupled  Nonselective pore G-protein-coupled
(Na" X ca?") (IP3/Ca**/DAG) (IP3/Ca?*/DAG) (IP3/Ca?*/DAG/ (IP3/Ca**/DAG)

cAMP)

Agonist profile op-meATP2Py-me 2-meSATP»ATP» UTP2ATP» 2-ADP ATP* ApxA
ATP>ATP2 op-meATP 2-meSATP
2-meSATP~ADP

Antagonist Desensitisation by Blocked by suramin ATP Oxidised ATP

opf-meATP; blocked

by suramin, by
ANAPP3 and
PPADS

and by reactive
blue 2

(ref. 71. Burnstock.G. (1995). Current state of purinoceptor research. Pharmaceutica Acta Helvetiae. 69, 231-242).
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TABLE 5 Classification of subtypes of P2X purinoceptor family on the basis of molecular & functional characteristics in 1997.
P2 receptor Genbank/EMBL
subtype Tissue Activity Properties References accession no.
P2Xy Vas deferens (rat) 2-MeSATP>ATP>a,B-meATP INa/K/Ca 401 X80477
urinary bladder (human) ATP > a,B-meATP INa/K/Ca 401 X83688
urinary bladder (mouse) (nd) (nd) 415 X84896
P2X3 PC12 celis (rat) 2-MeSATP>ATP (o,3-meATP INa/K 50 Ul4414
inactive)
L43511
P2X2-1 Cochlea (rat) (nd) (nd) 192 1.43511
(short form)
P2X3 DRG cells (rat) 2-MeSATP>ATP>q,3-meATP INa/K 83 X90651
DRG cells (rat) ATP>2-MeSATP>q,B-meATP INa/K/Ca 234 X91167
P2X4 Hippocampus (rat) ATP>2-MeSATP>q,3-meATP INa/K 37 X91200
DRG cells (rat) ATP active, a,3-meATP inactive INa/K/Ca 58 X87763
Neurons (rat , human) ATP> >2-MeSATP>CTP> o,p- INa/K/Ca 378 X93565
meATP>dATP
Neurons (rat) ATP>2-MeSATP>> o,3-meATP INa/K 366 U32497
Endocrine tissue (rat) ATP>ADP>2-MeSATP>> o, B-meATP INa/K. 410 U47031

Table 5 continued over page.
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(Table 5 continued...)

P2Xs

P2X¢

P2X7 (=P2Z)

P2Z (or
P2X-like)

Neurons (rat)

Neurons (rat)

Brain & macrophage (rat)

Macrophage
(mouse)

ATPyS2ATP22-MeSATP
>>ADP (a,B-meATP inactive)

2-MeSATP=2-cl-ATP=ATP>
ATPyS>>ADP (a,B-meATP
inactive)

BzATP>ATP>2-MeSATP>ADP
UTP inactive

(i) BZATP>ATP>UTP
(ii) ATP>UTP>BZATP

INa/K/Ca

INa/K/Ca

INa/K

then pore formation

(i) INa/K
(i) Ica

91

91

385

298

X92069

X92070

X95882

(nd), not determined; DRG, dorsal root ganglion; 2-MeSATP, 2-methylthioATP; o,3-meATP, o,B-methylene ATP; BzATP, 3'-O-(4-benzoyl)benzoyl ATP; dATP,

3'deoxyATP.

{ref.305 and 74}

42



TABLE 6 Classification of subtypes of P2Y purinoceptor family on basis of molecular and functional characteristics in 1997.
P2 receptor Tissue Activity Properties References Genbank/EMBL
subtype N accession number
P2Y; Brain (chick) 2-MeSATP>ATP>ADP PLCB/InsP3/Ca”" 412 X73268
(UTP inactive) '
Brain (turkey) 2-MeSATP>ADP>ATP PLCB/Inng,/Ca2+ 129 U09842
(UTP inactive)
HEL (human) (nd) (nd) 14 *U42029/30
Brain (human) 2-MeSATP>ADP>ATP PLCB/lnsP}/Ca2+ 361 -
Insulinoma cells (mouse) (nd) (nd) 395 U22829
Insulinoma cells (rat) 2-MeSATP>2-CI-ATP> PLCB/lnsP3/C212Jr 395 U22830
ATP (a,B-meATP inactive)
Placenta (human) (nd) (nd) 231 749205
Endothelium (bovine) 2-MeSATP>ATP >>UTP PLCB/lnsP3/Ca2+ 180 X87628
Prostate and ovary (human) 2-MeSATP>ATP=ADP PLCP/InsP3/Ca * 202 -
P2Y3 NG108-15cells (mouse) ATP = UTP >> 2-MeSATP PLC[}lnsP3/Ca2+ 247 L14751
CT/43 cells (human) ATP =UTP >>2-MeSATP PLCBInsP3/Ca * 311 U07225
Lung (rat) ATP = UTP PLCPInsP3/Ca*" 340 U09402
Bone (human) (nd) (nd) 47 -
Pituitary (rat) (nd) (nd) 87 L46865
Wistar Kyoto strain (rat) (nd) (nd) 252 US56839
P2Y3 Brain (chick) ADP>UTP>ATP=UDP PLCB/]nsP3/Ca2+ 415 X98283

(Table 6 continued over page.
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(Table 6 continued....)

P2Y4

P2Ys

P2Yg

P2Y7
P2Y8 (tentative)

Placenta (human)
Brain (rat)
Chromosome X (human)

HEL cells (human)
Lymphocytes (chicken , human)

Aortic smooth muscle (rat)
Placenta & spleen (human)
HEL (human)

Neural plate (xenopus)

UTP =UDP>ATP =ADP

(nd)
UTP>UDP
ATP inactive

ADP>ATP>UTP

ATP>ADP>2-MeSATP
>>qa,B-meATP = UTP}

UTP>ADP=2-MeSATP>ATP
UDP>UTP>ADP>2-MeSATP>>ATP

ATP>ADP=UTP

ATP=UTP=ITP=CTP=GTP

PLCP/InsP3/CaZ"

(nd)

PLCP/InsP3/CaZ™

(nd)
(nd)

PLCB/InsP3Cast
PLCB/InsP3Ca"
(nd)

PLCP/InsP3Cas "t

94
414
294

228
416

305
93
5
44

X91852

U40223

U41070
P32250
(or LO6109)

D63665
X97058
U41070

(nd), not determined; 2-MeSATP, 2-methylthioATP; 2-Cl-ATP, 2-chloroATP;a,B-meATP, a,p-methylene ATP, PLCB, phospholipase CB, InsP3, inositol 1,4,5-triphosphate.

*Direct submission to Genbank of long and short form of gene encoding the same receptor protein. ¥ Radioligand binding . {ref.305, 74}.
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P2-receptor transduction systems

As previously stated, the receptors stimulated by purines represent members of two
superfamilies: ligand-gated ion-channels (P2X) and 7 transmembrane GTP-binding protein
coupled receptors (P2Y) {122}. In 1983 ATP was shown to be able to directly open
membrane ion-channels of neural cells, and the same has since been demonstrated in gland
and smooth muscle cells, resulting in membrane depolarisation {201,227}.

The ligand-gated ion channels are permeable to cations such as Na'and K but predominantly
Ca™", displaying close homology to the inward rectifying potassium channel {50,401}.
Variation between tissues has been noted for the ability of a maintained concentration of ATP
to produce a desensitisation of the inward current and secondly, for the ability of a,3-meATP
to mimic ATP in some tissues. By combining these properties with affinity for ATP and
sensitivity to o,3-meATP the P2X-receptor subtypes 1dentified to date can be assigned to one
of three phenotypes: high ATP affinity and sensitivity to a,B-meATP, rapidly inactivating
(P2X 1nq 3); lower ATP affinity and sensitivity to a,f-meATP with little inactivation (P2X
2.4.5and ); lowest ATP affinity (P2X ; = P2Z). Only mRNA for P2X, has been isolated from
vascular smooth muscle {6}. The increasing number of documented excitatory responses
induced by other nucleotides such as the pyrimidines are not included in the current scheme
(Table 1). This is partially due to controversy concerning the occurrence of a specific UTP-
specific receptor or a less specific nucleotide receptor mediating pyrimidine -evoked

contractile responses {348,355,406}.

P2Y-vasodilating receptors on endothelial cells in systemic vessels have been described,
stimulating a rise in intracellular calcium concentration, by a mobilisation of calcium stores
and ion influx. This has been associated with the release of nitric oxide from endothelial
cells. Activation of phospholipase C (PLC) by stimulation of a G protein-coupled system
results in the transient production of prostacyclin, preceded by a rise in intracellular calcium
{316,78,42,286,361}. The ability of purines to induce prostaglandin release has been linked

to the polyphosphate tail moiety structure {55}. PLC activity produces diacyclglycerol which
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in turn can activate protein kinase C (PKC). PKC, along with calcium-dependent
calmodulin kinases phosphorylates a cascade of proteins involved in smooth muscle
relaxation. PKC additionally activates phospholipase D (PLD) hydrolysing
phosphatidylcholine. PKC has been shown to be involved in the desensitisation of P2Y-
purine selective receptors but not in the desensitisation of UTP-induced responses mediated
by P2Y receptors {421, 341,325}. The absence of an effect on cAMP levels by a purine was
one of the original criteria for a P2-rather than a P1-receptor mediated response. However,
there have been several instances where P2-agonists have produced a response through
modulation of cAMP, including the recently identified endogenous P2Y-receptor expressed
on human C6 glioma cells {362}. P2Y-purine receptor agonists have also been found to
increase cAMP in bovine vascular smooth muscle cells {387}. An increase in permeability
to K' ions was originally used to classify a P2-receptor, but a purinergic response has been
shown to occur in vascular endothelial cells but without consequence on smooth muscle
relaxation {214,51}.

Rabbit thoracic aorta endothelial cells have been shown to release and take up uridine
nucleotides, raising the possibility of vascular tone regulation by pyrimidines {357}.
Recently a P2Y (P2U)-receptor mediating G-protein linked release of NO has been found to
be selectively stimulated by UTP {230,245}. The activation of a Cl- inward current and the
release of IP;-sensitive intracellular Ca2* stores has been associated with the P2U-receptor in
isolated rat pulmonary arterial myocytes {157,165}. P2Y-receptors have been identified with
differing degrees of selectivity for pyrimidines, including the P2Y ¢ -receptor subtype which
was cloned from mature rat aortic smooth muscle cells (295). This receptor subtype has a
preference for UDP over UTP and is coupled to PLC and mobilisation of intracellular calcium

stores induced by the accumulation of 1,4,5-inositol triphosphate (IP,) {81}.
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Hyperpolarization by K*-ion efflux and activation of Na'/H" ion exchangers can also be
involved in P2T-receptor signal transduction{193}. In neuronal tissue ATP has been shown to
block the m-current of a K'-channel and inhibit accumulation of cAMP by a PTX-sensitive
adenylate cyclase in a range of cell types independently of IP;-sensitive Ca”" stores {122}.
An example of where the two purine receptor superfamilies overlap can be found in the rat
cardiac myocyte which has a 7 transmembrane Gg-coupled receptor apparently directly linked

to an L-type Ca’"-channel {360,31}.

Recent developments in purine research .

The use of agonist rank orders of potency as a means of receptor classification has been losing
support as more analogues are tested in more tissues/species under different conditions and
are found to exhibit varying degrees of activity dependent on metabolic degradation. This
was highlighted in a recent review regarding activity at P2X-contractile receptors where
2-meSATP can be more potent than o,-meATP (P2X;_3), questioning the use of these two
agonists as the cornerstones of the recent classification system {216}. However, the variation
in activity of agonists in different preparations has been suggested to be too great for
metabolic stability alone to be responsible. Partial agonism effects at receptors other than
those the agonist was thought to be selective for may be a more suitable explanation {300}.
The challenge for the future is to correlate receptor primary sequences to the physiological
function performed by a given receptor type {163}. When after revision those receptors
identified by molecular biology have been allocated to their correct subtype, a certain degree
of uniformity and agreement in the basic agents used to classify receptors will be required 1f
we are to continue to use an agonist-rank order of activity to classify receptor subtypes. Such
an approach in combination with the use of selective antagonists and novel agonists for
improving the division of functional receptor subtypes ought to be successful. To date
molecular biology has been invaluable for filtering newly identified receptors into the current
classification scheme. However, the real potential must be to utilise information collected
concerning receptor primary sequences and tertiary structure to enable rational design of

specific agonists and antagonists. It may be found that the non-nucleotide structures are
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pharmacologically effective, which would reduce non-specific activity of nucleotides due

to their ubiquitous occurrence.

Functional classification has been made worse by the lack of receptor antagonists which
withstand the test of time. Recent studies show that NF023, a derivative of the purine non-
specific P2 antagonist suramin can specifically inhibit P2X-mediated contractions of the
rabbit saphenous artery {447}. Another selective P2 -inhibitor, ARL 67085, has been
developed by Astra Charnwood. This inhibitor is now to be taken through the development
process as an anti-thrombotic agent. It appears to exhibit greater efficacy than aspirin and
reduced bleeding times when compared to GP IIb/Ila receptor antagonists {195}. But both
NF023 and ARL 67085 are receptor antagonists which target the ligand binding site,
recognising the negatively charged motif inherent to the nucleotides. Greater specificity
might be achieved by influencing receptor state in a more subtle way. Allosteric modulation
is a possible indirect route making use of variation in the consensus regions of different
receptors of the same functional family. Such an approach may also encourage the
development of non-nucleotide based ligands both as agonists and antagonists and
subsequently increase the likelihood of clinical development {132,49}.

The use of agents directed to purine receptors but not structurally based upon purines may
hold the key to increased selectivity, especially agonists. Some tissues and even cells are
heterogenous for purine receptor families and subtypes and therefore the net effect of an
agonist may be more important than its selectivity. It has been recognised that separate P2Y-
receptors with specificity for purines and pyrimidines can co-exist on the same cell, such as
the endothelial cell {84}.

In the years following the first subclassification of P2-receptors into P2Y and P2X doubt has
been cast on the validity of using some of the agents used to classify the receptors.
o,B-meATP was originally identified as an agonist stable to hydrolysis which displayed
selectivity for the P2X-excitatory purine ionotropic receptor family {65} and ,more recently,
as a trititated radioligand to localise the receptor binding sites in the mature lung of cat and
human {34}. However, others have shown that o,3-meATP can also produce vascular

relaxation which is only partially endothelium-dependent {238,237,215,53}. It has also been
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suggested that o,f-meATP acts by being a non-selective cation channel blocker {108}. It

is now appreciated that nucleotide analogues of ATP are not consistently stable to hydrolysis
{216}. For example B,y-methyleneATP is metabolised to adenosine in a range of tissues to
varying degrees {382,216}. P2-purine receptor antagonists have been developed from dyes
whose selectivity has always been questionable. Pyridoxalphosphate-6-azophenyl-2’,4’-
disulphonic acid (PPADS), originally described as a P2X-antagonist but recently shown to
block aortic endothelial cell P2Y-receptors {430,446,422,263,56}. Reactive blue, supposedly
P2Y-selective has non-selective properties repeatedly documented {67,339}. In addition to
these problems, some receptor antagonists quoted in the literature, such as PPADS, suramin,
reactive blue and agonists such as o,3-meATP, ATPyS and AMP-PNP will also inhibit
ectoATPase activity and therefore increase the availability of purines in different tissues
{191,100,216, 86,85}. Advances are being made with the continued development of agents

such FPL 67156, a selective ectoATPase inhibitor {101}.

These examples demonstrate that the extent to which purinergic chemistry has developed so
far demands that caution be exercised when inferring any conclusions from studies with
established and newly developed pharmacological agents.

Despite the lack of specificity currently associated with agents acting at P2-nucleotide
receptors, their therapeutic potential has been considered. Some of the areas targeted include
diabetes (P2Y), cancer (P2X4(z)), cystic fibrosis (P2Y,), pulmonary hypertension (P2Xu),
gastro-intestinal dysfunction (P2Y), renal failure (P2X and P2Y), central nervous disorders

and nociception (P2X3) {1,302}.

Purinergic pulmonary vascular control

Interest in the action of purines on the adult pulmonary circulation has been extensive,
providing a source of information for designing experiments to investigate the neonate. There
are few studies concerning how the age of an animal affects purine-induced vascular
responses. The contractile response evoked by electrical nerve stimulation of the central

caudal artery of the rat was found to have a greater purinergic o,3-meATP-sensitive
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component in the young animal {16}. It has also been shown that both the endothelium-
dependent and -independent relaxation response decreased in the rabbit aorta from between 4
and12 months of age, but only the independent response diminished in rats between 4 and 14
weeks of age{88,219}. In the rabbit study, it was thought that the findings could be

explained by a decrease in smooth muscle function with age.

For an agent to be considered as having a physiological role in a tissue it must have a natural
source. The increased levels of ATP in the postnatal pulmonary circulation of the lamb have
been associated with release from platelets {226}. Purines have been shown to be released in
combination with noradrenaline from nerves in the adult rabbit pulmonary artery
{212,213,277} by high KCI and oubain, which also caused non-neuronal release. Purinergic
neurotransmission has been reported in the adult rat and rabbit {383,199,200}. The basal
level of purine release has been found to be greater in the periphery than in the main arteries
of the adult rabbit lung and increased by o,-adrenoceptor stimulation {390,389}. Hypoxia
abolishes adrenergic contractions evoked by nerve stimulation in the rabbit pulmonary artery,
and may also reduce the levels of co-released purines {248}. Purines have been shown to be
released from cells in the vessel wall other than nerve terminals. Increased flow in the adult
rat lung increased the levels of circulating ATP released from the endothelium {169} .
Increased levels of purine nucleotides have been shown to increase intracellular calcium levels
in bovine pulmonary endothelial cells, regulated by ectoATPase activity {275}. It should be
noted that both adenosine and ATP acting at P1 and P2 prejunctional receptors have been
found to reduce transmitter release in normal adult rabbit pulmonary artery {196,108}.

For an agent to be able to repeatedly produce an effect there must be a method of removing
the agent from the site of action. The pulmonary circulation is capable of almost completely
metabolising vascular ATP and ADP and 60% of AMP in one passage through the lung
{30,353,104,105,82,363,116}. The main breakdown-products are adenosine, inosine and
AMP, indicating ATPase and ADPase activity. The pulmonary arterial endothelium has been

identified as the site of nucleoside phosphorylase {113} and ecto-ATPase activity {116,322}.

50



Adenosine produced by metabolism of ATP inhibits further neurotransmitter release from

nerves by the action at pre-junctional P1-purinoceptors {384}.

The first functional investigation of the lung and purines reported that ATP produced tone-
dependent responses, constricting a resting vascular bed but dilating one which was
preconstricted {352}. The next report on this subject concluded that an ATP blocker (2,4-
xylenol) had no significant effect on pulmonary hypoxic vasoconstriction {171}, the
unresolved phenomenon at the centre of the present study {407,403,418}. That ATP may
regulate pulmonary vascular tone was demonstrated by showing that ATP induced

prostacyclin (PGI,) release from isolated piglet lungs{179} .

Purines have been shown to be capable of constricting and dilating blood vessels in a tone-
dependent fashion. The potential constricting properties of ATP on intrapulmonary vessels
are of particular interest because of the vasoconstrictor response of the vessel to hypoxia. At
resting tone, P2X-purinoceptors have been reported in the adult human intrapulmonary artery
and have also been found in the intrapulmonary artery and veins of the mature rat {237,238},
though in the cat adenosine resulting from metabolism of ATP also induced vasoconstriction
at P1 (Al)-purinoceptors {287,291,71}. A P2X-mediated rapid transient influx of calcium
has been found to be stimulated by both ATP and other P2 nucleotide analogues in isolated
adult rat pulmonary arterial myocytes {157}. In isolated perfused rat lungs it was reported that
purines and pyrimidines produced similar increases in pulmonary pressure {348}. It was
suggested that a novel pulmonary pyrimidino-receptor population was present, which might
have a role in hypoxic vasoconstriction {168}. The involvement of the P2X-purinoceptor in
acute hypoxic vasoconstriction was investigated in mature rats but it was concluded that
purines were not responsible for the response{262,266}. The non-selective adenosine
receptor antagonist 8-phenyltheophylline was found to abolish acute hypoxic vasoconstriction

in adult rats in vivo {392}.
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Purine induced vasodilatation has been reported in a range of systemic vessels at raised

tone and in general the response is dependent on the presence of the endothelium, and the
release of PGI, {43} and /or EDRF {115}. An endothelium-dependent P2Y-purinoceptor
vasodilatation of the intrapulmonary artery has previously been reported in the mature guinea-
pig and rat {240,170,238,359}, but reports are inconsistent for the mature human and cat with
respect to endothelial-dependency {179,237,287,289,265}. However, recent reports found
purine nucleotide-induced vasodilatation was endothelium-independent in neonatal lamb
isolated IPA and adult rabbit main PA{319,326}. The mobilisation of intracellular calcium
stores preceding PGI, release in bovine pulmonary arterial endothelial cells 1s greatest
following stimulation by the ionised species of ATP4- and UTP# {246}. ATP-induced
vasodilatation of the adult rat pulmonary circulation is inhibited by blocking K*-,;p channel
hyperpolarisation {169}. Metabolism of ATP to adenosine acting at P1 (A2) -purinoceptors
has been suggested, at least in part, as the vasodilating mechanism in a number of studies
{377, 290, 287, 288, 238}. Adenosine has been reported to act on smooth muscle A2-
receptors inducing vasodilatation of adult human intrapulmonary arteries {261}.
Endothelium-independent vascular relaxation has been said to be the exception to the rule for
P2Y-induced responses. But as the number of examples grow the mechanism underlying the
direct ATP-relaxation response becomes more interesting. For vessels such as the
intrapulmonary artery, an endothelium-independent mechanism may be crucial in addressing
the reversal of hypoxic vasoconstriction resulting from a pathological condition.
Endothelium-independent P2Y-purinoceptor mediated relaxations have previously been
reported in the adult rabbit mesenteric artery {257}, portal vein{215}, hepatic artery {53} and
canine coronary artery {97,98} and the P2Y¢ was cloned from rat aorta smooth muscle cells
{81}. Relaxation of the adult rabbit aorta has been attributed to the direct action of ATP and
adenosine on the smooth muscle cells: a response assigned to the P3- "nucleotide" receptor
{89}. But another study on the same vessel concluded that ATP acts partly through the
endothelium {88}.

Some progress has been made in understanding the pathway(s) which are responsible for the

vasodilatation induced by P2Y-receptors in the lung. Mobilisation of intracellular stores and
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an influx of calcium was induced by ATP in isolated mature porcine and bovine

pulmonary endothelial cells {193,203,417}. Phospholipase C (PLC) activation via
stimulation of separate P2Y- and P2U-receptors was indicated by the accumulation of inositol
phosphate (IP3) induced by ATP, UTP and adenine analogues. The PLC activation was
insensitive to pertussus toxin {84}. ATP can also activate phospholipase D (PLD),
stimulating the release of PGI, {256}. Calmodulin-dependent phospholipase A, (PLA;) was
activated by ATP, UTP and adenine analogues, inducing prostacyclin release {245}. The
receptors involved specifically recognised the fully ionised species of the nucleotides {246}.
ATP evoked an accumulation of ¢’GMP in rabbit extrapulmonary arteries which had an intact
endothelium, in the presence of indomethacin {204}. ATP was equipotent with ADP, and
ATPyS was also active in releasing PGI, from 0-2 day old piglet lungs {179}. The
vasodilating effect of ATP in rabbit intact extrapulmonary artery was abolished by moderate

acute hypoxia, with an associated reduction in ¢'GMP accumulation{204}.

There have been several in vivo studies addressing the response of the pulmonary circulation
to purines in animals and humans. In newborn animals, an infusion of ATP-MgCl; reduces
the raised pulmonary arterial pressure of lambs and piglets at concentrations significantly
lower than those which induce systemic hypotension {130,223,306,308,221,225}.
Pulmonary vasodilatation to ATP-MgCl, infusion was shown to be partially mediated by
nitric oxide, in the neonatal lamb {131}. We do not know whether birth induces a rise of
plasma ATP in the newbormn pig, but increasing the pulmonary plasma levels of ATP or
adenosine in the fetal lamb to the higher level found after birth, caused a fall in pulmonary
resistance to the lower postnatal level {222}. Similarly, increasing the level of oxygen in the
fetal lamb pulmonary circulation, increased the ATP level to that seen after birth, and the
pulmonary vascular resistance decreased by 3-fold {224}. ATP-MgCl, infusion does not
reopen the ductus arteriosus of 3-day old piglets . Were ductal closure to occur in utero it
would increase pulmonary vascular pressure{307}.

Acute administration of ADP to young calves was found to produce a greater rise in

pulmonary arterial pressure in animals which had been exposed to hypobaric hypoxia than
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normal animals {338}. Both the rise in PAP and the vascular remodelling shown to occur
following chronic administration, were attributed as secondary to ADP platelet activation, not
hypoxia. The raised PAP resulting from U46619 in the neonatal lamb was successfully
reduced by ATP infusion {131}. ATP has also been shown to be effective in adult patients
(46-77 years ) with moderate to severe chronic obstructive airways disease who were
pulmonary hypertensive. Studies on the mechanism of action indicated that inhibition of
hypoxic pulmonary vasoconstriction was responsible for the fall in pulmonary resistance
{141}. It was possible that adenosine resulting from the metabolism of ATP may have been
responsible for these responses. However, adenosine was shown to be ineffective in these
patients {139,140}, despite effectively blocking hypoxic vasoconstriction in the dog{266}.
The raised PAP in neonatal lambs from was reduced by ATP-infusion has been used in the
management of pulmonary hypertensive crises in children, where infusions had some clinical
success without the side-effects of more traditional treatments such as tolazoline {54,145}.
ATP has also been routinely used to control blood pressure during cardiopulmonary bypass
{92}. Additional advantages of ATP-infusion include myocardial protection (109) and

restoration of endothelial function post-hemorrhagic shock {409}.

There is now a growing body of evidence suggesting that purines do have a physiological role
in the control of pulmonary vascular reactivity in several species , including man, in both
normal and pathological conditions. It is against this background that the present study on the

newborn porcine pulmonary circulation has been designed.
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Chapter 2 - Materials and Methods

Materials

Choice of an animal model in which to study the role of purines in the

normal and hypertensive newborn pulmonary vasculature.

Pulmonary hypertension is caused by a variety of insults but is commonly caused by hypoxia

2

both in the neonate and adult with chronic obstructive airways disease {182}.

In order to investigate the clinical condition of persistent pulmonary hypertension of the
newbom we required a model fulfilling the following criteria:

(a) adaptation of the normal pulmonary circulation to extrauterine life should be similar to
that in the human infant.

(b) the insult giving rise to pulmonary hypertensi_on should be similar to that

experienced by the sick infant.

(c) the disorder produced by experimental persistent pulmonary hypertension should be

similar to the disease found in human infants.

Alternative models of pulmonary hypertension.

As an alternative to using hypobaric hypoxia {185}, the inspired oxygen concentration can be
reduced to produce the same pathological (ie. Endothelial cell structure) result and abnormal
haemodynamic condition {343,135,18,370}. Other approaches include the use of drugs
known to have a pulmonary hypertensive effect . These include using repeated doses of
indomethacin (twice a day for 3 weeks) {269}, giving the thromboxane A2 agonist U46619,
commonly used to raise pulmonary tone in vivo or in isolated preparations {28,314} and using
synthetic platelet activating factor {301}. In addition to the physiological agents available,
pulmonary hypertension can be induced by glass bead and air embolism {323,320} or

chemicals such as monocrotaline ,which may raise plasma serotonin {12,210}. Bacteria such
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as group B streptococcus produce pulmonary hypertension in newborn piglets {26}. A
persistent fetal circulation can be induced by partially compressing the umbilical cord or
ligating the ductus arteriosus of fetal lambs {24,380,376}. A period of intrauterine
hypoxemia has been used to induce persistent pulmonary hypertension in newborn rats and
rabbits {144,303}. To assess the effects of alveolar hypoxia in vivo , invasive vascular
pressure measurements can be made or non-invasive techniques can be used such as

arteriography to analyse changes in vessel dimensions {11}.

Why the model we decided upon was considered the most suitable.

It has been possible to record the series of physiological and structural changes which occur
during normal adaptation to extrauterine life and in the presence of a persistent fetal
circulation in the newborn pig. The rate at which the pulmonary and systemic arterial blood
pressures in normal piglets change during the first hours and days of life is similar to that seen
in the human infant {174,110}. Hypoxia has been identified as a common cause of
pulmonary hypertension and therefore our approach of exposing newborn animals to
hypobaric hypoxia would appear to be physiologically appropriate {182}. Of the species
investigated at altitude, the pig and calf develop the most severe pulmonary hypertension
{120,398}. The pig has been chosen rather than the cow because of the greater litter size and
because the newborn pig is similar in size to the human newborn. The observations generally
used to confirm the presence of pulmonary hypertension in the experimental newborn animal
include systemic arterial oxygen desaturation which indicates the magnitude of the right to
left shunt through fetal channels in the presence of a high pulmonary vascular resistance ,and
after death, the degree of right ventricular hypertrophy and muscularisation of the
intrapulmonary arteries. Newborn piglets with PPHN are desaturated, have an increased
heart weight ratio [weight of right ventricle / (weight of left ventricle + septum)] and an
increase in pulmonary arterial wall thickness {159, 7}. The model is also effective in
reproducibly inducing pulmonary hypertension in animals which have first had an opportunity
to adapt normally to extrauterine life, for 3 or 14 days before exposure to chronic hypobaric

hypoxia.
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The practical disadvantages of the porcine developmental model are that the Large White pig
1s an expensive animal model with a relatively long period of gestation. Studies have been
made using isolated pulmonary vessels{262}, perfused lungs {128}and whole animals in a
variety of species {312}. In the present study the decision was made to study isolated
intrapulmonary arteries and veins, to see if there was heterogeneity of the response in these
vessels at any one age, and to find out if the responses changed with age in one or all
segments , and if so if they changed at a different rate in intrapulmonary arteries and veins.

These factors would be difficult to study in a whole lung preparation.

Sources of healthy porcine tissue

Pregnant Large White pigs were brought to the ICH from approved farms. Each animal had a
past history which indicated that a large litter could be expected of approximately 10 piglets.
The sows were admitted 2 weeks prior to the calculated farrowing date, to allow them to
recover from the journey to reduce stress. They were placed in a pen with ample straw and
sawdust bedding and given water ad libitum. The room temperature was regulated and
lighting followed natural daytime periods. Feeding was restricted near the farrowing date and
antibiotics given to reduce the chances of infection (ie. milk fever). Husbandry farrowing
indicators were used to follow the progress of the sow and when the time for delivery was
approaching the sow was placed in a farrowing crate for her own safety and to avoid injury to
piglets after birth. When the farrowing was imminent the animal was checked frequently
throughout the day and night. After the birth, a red light or ceramic bulb kept the piglets
warm for the first 24 hours. In addition, fetal and young animal tissues were obtained as heart

lung blocs. Tissue from adult animals was obtained from an abattoir.

Induction of pulmonary hypertension by chronic hypobaric hypoxia.

Immediately the animal was born the umbilical cord was cut, the piglet’s airways were cleared
and the animal dried with a towel. Then a period of approximately 20 minutes was allowed

for the piglets to obtain some colostrum from the sow.
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Normal piglets were exposed to chronic hypobaric hypoxia (50.8kPa) for a period of 3

days: either from birth to maintain the high fetal pulmonary arterial pressure or from 3 days or
14 days (PHN). The chamber was opened 3 times a day for cleaning and replenishing food
and water, carried out as rapidly as possible to ensure near continuous exposure to hypobaric

pressure (Fig. 1).
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Fig 1. Photograph of the hypobarie chamber used in the study to induce chronic

pulmonary hypertension.
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Source of Human tissue.

Human tissue was collected from children who had been treated at Great Ormond Street
Hospital for Sick Children, London. It was not always possible for the tissue to be stored in
cold physiological salt solution , due to the time of day or hospital staff taking the samples.

Table 1. Clinical details of children from whom tissue was studied.

Specimen number Details of child

Normals

3680 8 years old, donor, mild asthmatic. Accidental death.

4095 5 years old. Tuberous sclerosis, previous heart transplant. Heart failure

from acute rejection. Normal PA histology.

4183 4 month old. TGA/VSD, pulmonary arterial banding, switch followed by

myocardial infarct. ECMO. Normal pulmonary arterial presssure.

Pulmonary

hypertensive

3508 16 years old. Primary PHN, lung removed during transplantation.

4039 16 years old. Primary PHN, lung removed during transplantation.

4066 15 years old. PHN secondary to complex congenital heart disease, lung
removed during heart / lung transplantation.

3954 36 hours old. PHN, congenital lung dysplasia and hypoplasia.

4087 4 month old. PHN, congenital lung dysplasia and hypoplasia.

4139 10 days old. PHN, congenital lung dysplasia and hypoplasia.




Animal sacrifice and gross dissection of the heart lung block.

All animals were sacrificed by an intraperitoneal injection of Expiral (barbiturate),
approximately 0.7mg/kg body weight. The weight and gender of all animals was recorded .
The lungs were immediately removed and transported in calcium containing physiological salt

solution (PSS) from the on-site animal facility to the adjacent laboratory.

Methods.

Isolation of vessels from the lung.

The main intrapulmonary conduit artery and/or vein was dissected from the middle third
region of a lower lobe and placed in calcium containing physiological salt solution in a Petri
dish (Fig.2).

Lung parenchyma and connective tissue was removed, under a dissecting microscope. The
ends of the vessels were discarded where pinning may have caused damage during dissection.
The vessel was then cut into rings 2-4 mm long. At the start of the entire study a calibrated
microscope graticule in the eye-piece was used to measure the length. However, after a
period of experience in judging lengths the graticule was not required. If required the

endothelium could be removed by mechanical rubbing with a metal tool on a wetted finger

(Fig.3).
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Fig. 2 The section of intrapulmonary artery studied is highlighted (blue) in this

photograph of a postmortem arteriogram of a porcine lung.
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Fig.3 Representative photomicrographs showing the presence or absence of the IPA
endothelium in a normal newborn and 3 day old animal, in a 3 day old animal exposed

to hypoxia from birth and in a normal adult. Stained with Haematoxylin and eosin (x1O

magnification).

Newborn piglet IPA

with endothelium without endothelium

10 0 pm

3 day old normal piglet IPA

with endothelium without endothelium

10 0 pm
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IPA from piglet exposed to 3 days of CHH from birth

Adult pig IPA

with endothelium

with endothelium

without endothelium

100pm

- . T, < ¢ V3

without endothelium.

100pm
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Organ chamber pharmacology

To prepare the vessel ring for isometric force recording two tungsten wires (120um diameter)
were inserted through the vessel lumen. Vessels were suspended in Sml organ baths {29}
containing PSS with calcium. The rings were allowed to stabilise for 40 minutes to one hour,
during which time the PSS was replaced once and the tension gradually increased to 1000mg
for arteries and 300mg for veins in all animal groups. Only one ring was studied from any
one animal for a given experiment. The notation "n" therefore refers to the number of animals
studied. At the end of each experiment all residual active tension was removed by the addition

of 100uM papaverine.

1. Preliminary studies of the preparations:

(a) Assessing the viability of the preparation.

30mM KCIl was found to be an effective concentration for evoking a standard contractile

response in all groups. This was found to apply equally well to the intrapulmonary veins.

{b) Assessing the integrity/absence of the endothelium.

At the beginning of each experiment a stable contraction was obtained by giving a bolus of
PGFy,, (10 or 30uM). Acetylcholine (1-10uM) was then added in order to verify that the
endothelium was intact or had been removed effectively and that the agonist-induced

endothelium-dependent relaxation was as expected for animals aged 3 days or more {241}.
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2. Studies on the relaxant effects of purines.

(a). Protocol for obtaining cumulative agonist concentration-response curves.

A bolus of 30uM PGF;,, was used to produce a monophasic, stable precontraction, to which
agonists were added in a cumulative manner. This dose of PGF, had previously been
shown to produce a maximal contractile response in all age groups, including animals
exposed to chronic hypobaric hypoxia {241,399}. Dose-response curves were constructed for
each of the following agonists:

ATP, 2-methylthioATP, ADPS, o,B-methyleneATP and the pyrimidine nucleotide UTP .
ATP-derivatives have in the past been reported to have a greater resistance to degradation
than ATP, thereby reducing activity at the P1-nucleoside receptor(s) {1,216}. It was decided
that in order to target P2-nucleotide receptors and develop a rank order of potency, these
agents were the most suitable.

A cumulative concentration-response was carried out from 103M to 3x10-4 M, except for
ATP and UTP where the greatest concentration used was 30mM. Whenever possible, paired
studies of intact and denuded rings from the same animals were performed.

Additional experiments were carried out with ATP after precontraction with 30mM KCl, in
order to investigate the role of the precontractile agonist on any maturational changes
observed to ATP and other agonists.

100uM sodium nitroprusside was added after a cumulative concentration-response study had
been constructed in the precontracted rings. 100% relaxation was taken as the condition of
the precontracted vessel after the addition of papaverine 100uM at the end of the experiment.
Following the construction of a full dose-response curve, the difference between the PGF,
tension and that obtained after giving papaverine could be determined and taken to equal a
100% relaxation response. Data points referring to the % response to a concentration of drug
could then be determined. These data were then plotted and it was possible to calculate an

ECs, by fitting a curve, using regressional analysis, to quantify the response.
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(b). Inhibitors used to investigate the involvement of endothelium-derived relaxing

factor and cyclooxygenase products.

Either 30uM L-NMMA or 10uM indomethacin was added for at least 20 minutes, or for the
length of time taken for the effect of the inhibitor on the baseline tone to have stabilised prior

to precontraction with PGF,, .

The effect of L-NMMA was tested upon the ATP relaxation response in newborn and adult
porcine intrapulmonary arteries. The effect of L-NMMA was tested upon the
2-methylthioATP relaxation response in adult porcine intrapulmonary arteries. The effect of
indomethacin was tested upon the ATP relaxation response in newborn porcine

intrapulmonary arteries.

3. Studies on the contractile effects of purines / pyrimidines

(a). Protocol for obtaining cumulative agonist concentration-response curves.

Cumulative concentration-response curves were constructed for the following agonists at
resting tone: ATP (0.1-30mM), UTP (0.1-30mM), a.,f-methyleneATP (0.1-100uM). A
100% response was taken as the contraction to KCI 30mM less the tension after giving

100uM papaverine.

(b). Use of putative receptor antagonists.

100uM o,B-methyleneATP was added for at least 20 minutes or for the length of time taken
for the effect of the antagonist on the baseline tone to have stabilised. o,-methyleneATP
has been reported to desensitise P2X-receptors after initially activating them. Conventionally,
P2X-receptor desensitisation is routinely confirmed by repeated addition of
o,B-methyleneATP and this approach was adopted in the present study. The effect of
o,B-methyleneATP was tested upon the response to ATP or UTP in newborn and 14 day old

control porcine intrapulmonary arteries.
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4. (a) Acquisition of data, analysis and presentation of data obtained from organ

chamber pharmacology studies.

Raw data were recorded using a Grass ink pen recorder at the start of the study. However, the
majority of organ bath studies were recorded in a digital format using Chart on a MacLab
computer system. This package provides a spreadsheet into which selected data points can be
collected. The data sets can be “pasted” directly to Excel for manipulation. All graphs were
created using the Sigmaplot package. Sigmaplot provided the regressional analysis curve
fitting required for EC5() determinations.

Representative traces were created selecting a relevant section of a recording and processing
the data points through Excel. These data points were then used by Sigmaplot to recreate the

recording trace in a format which allowed text to be added.

(b) Statistical analysis

SPSS version 7 and Excel version 5 for PC as used to perform the following analysis.

The effect of age upon agonist responses in precontracted vessels was assessed by one-way
ANOVA with Bonferroni post-hoc testing of ECs, data , except for the bolus effect of
acetylcholine which was assessed by two sample unpaired Student t-test assuming unequal
variance. The effect of age upon the contractile response at resting tension was assessed by
one-way ANOVA with Bonferroni post-hoc testing of maximal effect. The effect of
removing the endothelium and incubation with blocking agents was assessed by two sample
unpaired Student t-test assuming unequal or equal variance (as required) of ECsy and maximal
effect data.

The effect of CHH upon responses in precontracted vessels was assessed by one-way
ANOVA with Bonferroni post-hoc testing of ECs, data. The effect of CHH upon contractile
responses at resting tension was assessed by two sample unpaired Student t-test assuming

unequal variance, of maximal effect data.
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5. Studies of P2X- and P2Y-purine receptor binding sites.

The methods described in this section are designed to prepare tissue for use in radioligand
binding studies in order to establish the distribution of specific binding by two radioligands
which might be predicted to bind to P2-nucleotide receptors across the elastic IPA, present on
lung sections. Further, the protocols employed will make it possible to draw conclusions as to
the possible receptor class associated with the radioligand binding. The effect of age and

persistent pulmonary hypertension on the binding and receptor class will also be determined.

(a) Preparation of tissue sections for use in radioligand binding studies.

This process outlined below was used to prepare frozen sections of porcine lung, which could
then be used for ligand binding experiments.

Fresh lung tissue was obtained from normal newbom, 3 day old and adult pigs as well as from
piglets exposed to 3 days of chronic hypobaric hypoxia from birth, which had persistent
pulmonary hypertension. The tissue was collected shortly after death except that from adult
animals which was delayed by the 4 hours taken for transportation from the abattoir.

1-2cm3 blocks were cut from the lower lobe, in the same region used for isolating vessels for
organ chamber pharmacology. The tissue cube was then orientated on cork discs and
embedded in OCT (Raymond Lamb, London). The embedded tissue was then snap frozen for
1 minute in isopentane, which was cooled in a bath of liquid nitrogen. Blocks were stored in a
-70°C freezer. When required 10um serial sections were cut from the frozen blocks of tissue
using a cryostat at -20°C, and the sections allowed to melt onto a glass slide coated with
Vectabond (Vector Laboratories, Peterborough,UK.). The sections were then stored in slide

boxes with silica gel and returned to a -70°C freezer until required.

(b) General method for radioligand binding study to frozen lung sections.

This section describes the protocol used throughout all the radioligand binding studies in the
present study.
When required, frozen sections were allowed to return to 25°C, and preincubated in 50mM

Trizma/HCI pH7.4 and 0.1% bovine serum albumin buffer for 15 minutes. Excess buffer was
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drained from the sections and wiped from the slides to leave an area around each section to
which radioactive solutions could be added in 50-75ul volumes. The sections were incubated
with the radioactive solution in buffer for 20 minutes at 27°C 1n large, covered petri dishes.
Non-specific binding was assessed on adjacent sections by-co- incubation with excess non-
radioactive ligand, and then comparing the density to that of the binding using the radioactive
ligand alone.

The binding reaction was quenched by two 5 minute washes in buffer (4°C) followed by a
rapid rinse in distilled water (4°C). The sections were rapidly dried with cool air and excess
water on the slides evaporated at room temperature. In a dark room, the slides were then
arranged in film cassette boxes. C!4 standard samples on a slide were included in each
cassette which would produce areas of graded density which were later used for density
quantification of the radioligand binding. A photographic film (Hyperfilm™ - °H,
Amersham, UK.) was placed on top, taking care to place the emulsion covered surface in
direct contact with the sections and that the slides were flat. The cassettes were placed in
black light-proof bags and kept in a fridge at 4°C for the exposure period of 2.5 days. In
preparation for developing and fixing the films, both developer and fixative were filtered to
remove debris and used at 20°C. The films were carefully removed from the cassettes,
avoiding scratching the emulsion surface and immersed in developer for 4 minutes. Excess
developer was removed by a rapid rinse with cold tap water before a 5 minute period in
fixative. At this point a dark room environment was not required. Excess fixer was removed
by a 10 minute wash in cold tap water followed by 10 minutes under a running source of cold
tap water. The films were then dried in a heated cabinet and placed in a protective envelope.
To allow confirmation of where binding was occurring, sections from each animal were fixed
in Bouins picro fixative (1 hour 4°C), washed in phosphate buffered saline (3 x 20 minutes

4°C) and stained with an elastic van Gieson stain.
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(c) Experimental method for confirming the binding conditions and concentrations

to be used.

From the published work on purine-radioligands, 1-10nM of the radioactive ligand was used
for binding assays on cell membranes and tissue sections {32,37,36,413,95}. We decided to
use 1nM in an attempt to be economical with the ligands. The published protocols for
studying purine-radioligand binding sites refer to an excess concentration of 100uM for the
non-radioactive agonist. This appeared to be a high concentration to use for a biochemical
approach such as autoradiography. These high concentrations were also required for inducing
responses in the functional organ chamber experiments in the present study.

In order to check that a density of measurable binding would be produced by the relatively
small dose of 1nM of radioactive ligand , sections of lung from adult animals were chosen.
This group had been found to have the greatest sensitivity to the purine agonists in the organ
chamber studies and it was postulated they would provide the greatest opportunity for

binding.

InM of the P2Y,-purine receptor radioligand [3°S}-deoxyadenosine 5'-[a-thio] triphosphate
([35S]deoxyATPaS) in Triz buffer was co-incubated with either 10°,10%,107,10°,10% 10* M
2-meSATP (a P2Y agonist in the present study) for 20 minutes on sections of lung tissue. No
work has been published regarding ligand binding to a pyrimidine P2X-receptor. Therefore,
InM of [33S]}-UTPasS in Triz buffer was co-incubated with either 10'9,10'8,10'7,10'6,10"5,

10* M UTP (predominantly a P2X agonist in the present study) for 20 minutes on sections of
lung tissue. The general method described in the previous section was then followed. The
minimum concentration needed to significantly prevent radioactive binding was established.
A 20 minute incubation period with radioligand had been previously described in the
literature and was sufficient to produce significant binding in the present study also. A time
course of binding levels was not established as the 20 minute was successful.

This study determined that 1nM of radioactive ligand produced measurable binding and that
100uM was required to prevent the specific binding. With this information the degree of

specific binding was determined in sections from normal newborn and 3 day old and from
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3 day old piglets with persistent pulmonary hypertension, as well as sections from a
normal 8 year old child. This was done for both radioligands using the general methods

described.

(d) Experimental method for classifying binding sites and associating them with

receptor subtypes.

This protocol was based upon the use of the rank order of agonist potencies described in the
organ chamber pharmacology study. The ability of an agonist to competitively displace the
radioligand binding was taken as a measure of activity at a receptor and using this theory a
rank order of displacement could be produced for each radioligand. In addition, the effect of
combining non-radioactive ligands was tested, each still at 100uM.

InM of [35S]deoxyATPaS or [33S]-UTPasS radioligand was co-incubated with either
2-methylthioATP, a,3-meATP or UTP alone or with 2-methylthioATP + o,3-meATP,
2-methylthioATP + UTP, or «,3-meATP + UTP. The density of binding to the
intrapulmonary arteries on the lung sections was quantified and used to compare the effect of

each agonist combination.

(e) Acquisition, analysis and presentation of radiolicand binding data

The radioactivity associated with the radioligands interacts with silver grains on the
photographic film to produce a black point. The distribution of black dots reflects firstly the
location of the radioligand and secondly, the number of black dots in a given area (density,
referred to as grey levels) indicates the amount of radioligand present. The pattern of black
dots on the films were selected and collected by the Neotech Image Grabber software (Apple
Macintosh System) and stored on disk. Quantification of the grey levels was performed on
these stored images with the Optilab software package (Apple Macintosh System). A range of
C'*-standards was included on each film. The densities associated with these samples were
used to construct a standard-density curve relating grey levels to binding activity recorded as
attomole/mm” (amols/mm?‘) of film . With this curve the ligand binding density could be

given a value, the greater the value the greater the binding. All images to be compared were
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collected by the Image Grabber on the same day under the same conditions of contrast and
brightness. The level of specific binding associated with each combination of radioactive and
excess non-radioactive agonist was taken to be the difference between the binding density
produced by [ InM] radioligand in Triz buffer and the density remaining after co-incubation
with excess non-radioactive agonist(s). The binding produced by [1nM] radioligand in Triz
buffer, was taken to represent 100% density for each group of animal tissues on a film. This
allowed the density data from each section to be expressed as a percentage value and removed
inter-film differences ie. absolute amols/mm?2 . The % density data could then be collated
from all films and used to establish data sets of experimental groups not done on the same
films.

The density data was manipulated using Excel version 5 to produce mean data for statistical

analysis (SPSS software version 7) and graphs were created using Sigmaplot (version 3) .

() Statistical analysis of radiolicand binding studies.

SPSS version 7 PC was used to perform the following analysis.

The effect of age upon the level of specific binding by radioligands was assessed by one-way
ANOVA with Bonferroni post-hoc testing. The effect of chronic hypobaric hypoxia on
specific binding was tested with a two sample unpaired Student t-test assuming equal

variance.

73



6. List of Drugs used.

The drugs used in this study are listed in alphabetical order. They were purchased from
Sigma unless otherwise indicated. All the drugs were dissolved in distilled water unless

otherwise stated.

Acetylcholine (hydrochloride salt).
Adenosine 5’-O-(2-thiodiphoshate) (trilithium salt).
[358]-deoxyadenosine 5'-[a-thio] triphosphate (from Dupont NEN) (10mM Tricine-NaOH
buffer (1), pH 7.6, and 1mM dithiothreitol).
Indomethacin (made up in absolute ethanol or equivalent concentration of Na2C03).
NS-monomethyl -L-arginine.
a ,B-methylene adenosine 5'-triphosphate (from RBI).
2-Methylthio adenosine 5'-triphosphate (tetra sodium salt) (from RBI).
Papaverine (hydrochloride salt).
Composition of Physiological salt solution (PSS):
NaCl 119 ; KCl1 4.7 ; NaHCO3 25 ; MgSOy4 1.2; KHPOy4 1.2, CaCly 2.5, glucose
11(mM).
ProstaglandinF2 (made up in absolute ethanol) .
ProstaglandinF)y (Cayman Chemical Company).
Uridine 5'-triphosphate (sodium salt).
[35 S] -Uridine 5'-triphosphate oS (from Amersham) (triethylammonium salts stabilised with
20mM dithiothreitol).
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Chapters of Results

75



Chapter 3. Vasoconstrictor and vasodilator responses of intrapulmonary vessels to
potassium chloride, prostaglandin F,y_and acetylcholine from normal and pulmonary
hypertensive pigs and children.

Summary.

1. Intrapulmonary arteries (IPA) from normal fetal piglets (5 days pre-term), newborn

piglets (aged <5 minutes - 3 hours), animals aged 3, 6, 14-17 days and adult pigs were isolated
and mounted with or without endothelium for in vitro isometric force recording. Pulmonary
hypertension was produced in piglets by exposure to hypobaric hypoxia (50.8kPa) from birth,

or after 3 and 14 days of age for 3 a day period.

2. Intrapulmonary arteries (IPA) were isolated from the lungs of three children with

out pulmonary hypertension (aged 4 months & 5 & 8 years) and six children with pulmonary
hypertension which contributed to their death (aged 36 hours, 10 days, 4 months, and three
aged 15-16 years old). The vessels were isolated and mounted with or without endothelium
for in vitro 1sometric force recording.

3. The contractile response of IPA and intrapulmonary veins (IPV) to potassium chloride
(KC1) [30mM] was present for piglets of all ages and increased with age.

4. The contractile response of IPA and IPV to prostaglandin F,q, (PGF,q,) [30uM] declined
after birth and then increased again after 6 days of age.

5. Acetylcholine (ACh) [1pM] induced a significant endothelium-dependent relaxation of
IPA precontracted with PGF,q [10uM] after 3 days of age. In contrast, a significant
relaxation to Ach was seen even in IPV from fetal animals.

6. Exposure to CHH for 3 days from birth and 3 days of age abolished the ACh-induced
relaxation in IPA while reducing the response in the 14-17 day old group. The ACh-induced
relaxation was not altered in the IPV.

7. IPA from normal and pulmonary hypertensive children contracted to both KCl and PGF,¢, .
IPV from a baby with PPHN also contracted to KCl and PGF,¢ . ACh induced an

endothelium-dependent relaxation of IPA precontracted with PGF,q from normal children.
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The IPA relaxation response to ACh was affected in 2 of 5 pulmonary hypertensive

children, the IPV relaxation response to ACh was present.

8. The observations made from the present study are consistent with previously reported data
from the porcine model used for studying normal pulmonary adaptation and neonatal

pulmonary hypertension.

Introduction.

The porcine model of normal pulmonary vascular development has been used to study the
reactivity of pulmonary vessels to constrictor and dilator agonists during the period of
adaptation of extrauterine life {41,241,233,260}. The maturation of the porcine pulmonary
circulation has been shown to be similar to that of the human {159,176,8,174}. The abnormal
reactivity associated with persistent pulmonary hypertension of the human neonate has also
been reproduced using the porcine model by exposing neonatal piglets to chronic hypobaric
hypoxia for a period of 3 days {399,328,7}. Before any new piece of research can be
incorporated into the established picture of neonatal adaptation it must be shown that within
the degrees of experimental error the vessels isolated during the period of the present study
displayed a reactivity which has been established by past studies using the porcine model . In
this chapter the aim of the study was to define and then discuss the pattern of reactivity to

agonists used in the present study and commonly used in previous investigations.

Methods.

Material: intrapulmonary arteries and veins from normal fetal piglets (5 days pre-
term), newborn piglets (aged <5 minutes - 3 hours), animals aged 3, 6, 14-17 days and
adult pigs. Pulmonary hypertension was produced in piglets by exposure to
hypobaric hypoxia (CHH) (50.8kPa) from birth, or after 3 and 14 days of age for3 a
day period. Human tissue was studied when possible (Table 1).

Methods : vessels were isolated and mounted with or without endothelium for in vitro
isometric force recording. For details of the protocols used please refer to section 1 of

the Chapter 2.
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Table 1. Clinical details of children from whom tissue was studied.

Specimen number Details of child

Normals

3680 8 years old, donor, mild asthmatic. Accidental death.

4095 S years old. Tuberous sclerosis, previous heart transplant. Heart failure

from acute rejection. Normal PA histology.

4183 4 month old. TGA/VSD, pulmonary arterial banding, switch followed by

myocardial infarct. ECMO. Normal pulmonary arterial presssure.

Pulmonary

hypertensive

3508 16 years old. Primary PHN, lung removed during transplantation.

4039 16 years old. Primary PHN, lung removed during transplantation.

4066 15 years old. PHN secondary to complex congenital heart disease, lung
removed during heart / lung transplantation.

3954 36 hours old. PHN, congenital lung dysplasia and hypoplasia.

4087 4 month old. PHN; congenital lung dysplasia and hypoplasia.

4139 10 days old. PHN, congenital lung dysplasia and hypoplasia.

Results.

Responses of intrapulmonary arteries from normal and PH pigs.

Intrapulmonary arteries (IPA) from animals of all ages studied contracted to 30mM potassium
chloride, with no influence of the endothelium (Fig. 1 A). The magnitude of the response
increased gradually during the first 2 weeks of life and the adult response was significantly
greater than that at 2 weeks of age(p<0.05). Removing the endothelium significantly reduced
the contractile response to KCl at 3 days of age (p<0.01). Intrapulmonary arteries (IPA) from

animals of all ages studied contracted to 30uM PGF,q, (Fig.1 B). The response declined
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between birth and 6 days of age before increasing with an increase in age. Removing the
endothelium had no significant effect.

Exposure to chronic hypobaric hypoxia (CHH) from birth has significantly interrupted the
maturation of the response to both KCl and PGF,q (Fig.2 A, B). Removing the endothelium
did not significantly reduce the contractile response to KCl in contrast to the 3 day old age-
matched control. The contractile response to PGF,o was significantly greater with and
without endothelium following CHH than 3 day old aged-matched normal responses (p<0.05).
Exposure from 3 days of age significantly decreased the response to KCI when compared to
either 3 or 6 day old normal responses (p<0.05). The contractile response to PGF,o was
only significantly less than the 3 day old normal after removing the endothelium (p<0.05).
Exposure to CHH from 14 days increased the contractile responses to both KCl1 and PGF,,

but not significantly.

A small endothelium-dependent relaxation to acetylcholine (1uM) was only present in
precontracted IPA isolated from animals after birth (6 of 18 animals), and was significant after
3 days of age (p<10’6) (Fig. 3 A.). A contractile response was observed in rings without
endothelium. The dilating response was greatest at 3 days of age, while the contractile
response increased with age. Exposure to CHH from birth or 3 days of age was associated
with a contractile response not a relaxant response. The relaxation response of the 14 day old

group was reduced, but not significantly.

Responses of intrapulmonary veins from normal and PH pigs.

Only a small number of [IPVs were studied from each age group, but a pattern emerged. IPV
from animals of all ages contracted to 30mM KCIl,. The response increased with age and did
so more rapidly than for the IPA (Fig.4 A). IPV from animals of all ages contracted to 30pM
PGF,q and the response increased with age (Fig.4 B). IPV still contracted to KCl and PGF,q,
following exposure to CHH (Fig.5 A, B). 1uM Acetylcholine produced an endothelium-
dependent relaxation of precontracted vessels at all ages, including the fetal animals

(Fig.6 A). Exposure to CHH did not affect the relaxation response to ACh.
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Responses of intrapulmonary vessels from normal and PH children.

IPA isolated from children with and without pulmonary hypertension contracted to KC1 (30
and 125 mM) and PGF,q, [30uM] (Fig.7 A,B,C). ACh induced an endothelium-dependent
relaxation of IPA precontracted with 30uM PGF,q from three normal children (Fig.8 A-C).
The response to ACh in IPA from children with PH was less consistent within the group. The
IPA from a 36 hour old baby with PPHN, and two 15 year old with relaxed to ACh showing
some endothelial-dependency (Fig.9 A,C,D). However, the IPA with endothelium from 10
day old and an 8 year old children with PH contracted to ACh (Fig.9 B, E).

A pair of IPVs isolated from a 36 hour baby with PPHN contracted to 30mM KCIl and 10puM
PGan (Fig.7D), while ACh induced a dose-dependent relaxation in each ring, despite an
attempt to denude one of them (the denuded ring was used for studying the effect of UTP at
resting tone, Chapter 8, Fig.8 B) (Fig.9A).

Discussion.

The data agree with the general conclusions drawn by other workers using the same porcine
model with the same agonists (241,233). The general conclusions were that the contractile
ability of the IPA increased with age, reflected by an increased response to KCl, as
previously shown {233}. The development of the contractile response to the receptor-coupled
physiological agonist PGF,q with age was also as previously found {241,233,123}. The
decrease in contractile response to PGF,q between 3 and 6 days of age in the normal piglets
occurs when the vasodilating responsiveness of the IPA to dilators such as ACh has been

found to be greatest {241,233}.

In the neonatal piglet, CHH-induced pulmonary hypertension (PH) was found to further
reduce the IPA contractile response to KCI and PGF,q, in this period, which has previously
been reported {399}. The responses seen in the small number of mature animals exposed to
chronic hypoxia were not reduced in the present study, in contrast to previous work {399}.
PH-induced by CHH in the neonatal piglet has been shown to cause a reduction in IPA

endothelium-dependent vasodilatation to ACh, as previously shown {399}.
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The reactivity of intrapulmonary veins (IPV) from various species has previously been
addressed by other groups {428,371,424,330,379,333,142}. By using the same agonists in
IPV and IPA a comparative study of the role played by the different segments of the
pulmonary circulation both during adaptation to extrauterine life and in pulmonary
hypertension has been achieved. The pattern of contractile response by the IPV to both KCl
and PGF,q was similar to that seen in the IPA, suggesting that the smooth muscle cells of
both vessel types may undergo the same internal reorganisation with age. The observation
that IPV endothelium-dependent vasodilatation to ACh was similar in utero and after birth, in
contrast to the IPA, would suggest that the venous segment may play a modulating rather than
a primary role in increasing postpartum pulmonary blood flow. A greater relaxation of [IPV
than IPA in response to ACh has previously been found in the fetal lamb {220}. It was
interesting to find that PHN did not reduce the IPV endothelium-dependent relaxation of
either the porcine or human response to ACh, in contrast to the IPA. The pulmonary veins
are similar to the systemic arteries, carrying oxygenated blood and would logically be the
vessel segment to sense changes blood oxygen levels and respond to perfusion-ventilation
mismatching within the lung. Intrapulmonary venoconstriction would reduce the rate at
which the blood may leave the respiratory units and increase the time in contact with limited
oxygen available thus optimising systemic arterial blood saturation. Venoconstriction has
been said to occur in pulmonary hypertension induced by both thromboxane mimetics and

hypoxia {424,330}.

It was hoped that the responses of human vessels to various agonists would resemble those of
porcine vessels. This would allow the application of knowledge from the porcine model to
both normal and pulmonary hypertensive children. The similarities in the structures and
haemodynamic findings between the two species, in the normal and in the pulmonary
hypertensive were the basis for originally using the porcine model {155,159,8,7,172}. The
number of human cases available for study was too small to draw any definitive conclusions
but in the present study the observations from these and other cases studied by our group are

so far reassuring.
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It is important that the results obtained with an untried pharmacological agent should arise
from a study which is comparable to those previous studies using the same model, before the
data becomes part of the growing picture of adaptation to extrauterine life in the normal and

pulmonary hypertensive pig. This requirement was satisfied for the present study.
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Porcine intrapulmonary artery

3000 1Contraction to 30niM potassium chloride (milligrams tension) Flg 1
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Age groups studied

(A) The absolute force generated by intrapulmonary arteries (IPA), from normal pigs, in response to 30mM KCl
did not change significantly during the first 2 weeks of life. There was a significant increase between 2 weeks
and adult life. Removing the endothelium significantly reduced the response in the 3 day old animals.

* indicate significant difference at the p<0.05, # p<0.01 levels. Error bars indicate sem.

Contraction to 30pM prostaglandin F2q (PGF2(x)

(millgrams tension)

1600

1000 -

800 -
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200 .

Fetal Newborn 3 days 6 days 14 days Adult
Age groups studied

(B) The contractile response to 30pM PGF*” of IPA from normal pigs decreased significantly after birth. The

response then increased from 6 days of age significantly when compared to the adult animal response,
“indicates a significant difference at the p<0.05 level. Error bars indicate sem.

Key: Solid bars represent IPA vessels with endothelium, empty bars represent vessels where the endothelium
has been removed. This key applies to all subsequent graphs in this chapter. Numbers above bars indicate the
number of animals within the data set.
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Fig.2

A. Contraction to 30mM potassium chloride (milligrams tension)
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Contraction to 30pM prostaglandin (PGP,M)
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(A) Exposure to cliromc hypobaric hypoxia (CHH) for a period of 3 days from birth has altered the IPA contractile response
to (A) 30mM KCl and (B) 30pM PGFj”, compared to the nomial age-matched responses. Exposure from birth and from

3 days of age generally reduced the response to both agonists . Exposure from 14 days increased the response, but not
significantly.

* indicates a significant difference at the p<0.05 level. Error bars indicate sem (standard deviation where n=2). 84



% Response to IpM acetylcholine p<10°
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Porcine intrapulmonary artery- a significant relaxation response to acetylcholine [IpM] was first seen with endothelium

at 3 days ofage. Removing the endothelium promoted a contractile response at all ages. Exposure to chronic hypobaric
hypoxia (CHH) from birth and from 3 days of age produced a small contraction in vessels with endothelium while significantly
increasing the contraction in vessels without endothelium.

Exposure to CHH from 14 days of age significantly reduced the endothelium-dependent relaxation response.

Error bars indicate sem (standard deviation where n = 2). * indicates significant difference at the p<0.05 level.



Porcine intrapulmonary veins Fig.4
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IPV from normal pigs of all ages contracted to (A) 30mM KCI and (B) 30pM FGFj*, the response increasing with

age. Error bars represent standard deviation (standard error where n = 3).
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Contraction to 30mM potassium chloride (milligrams tension)
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IPV isolated from pulmonary hypertensive nenatal piglets contracted to (A) 30mM KCI and (B) 30pM PGF*~.

Error bars represent standard deviations (standard error where n = 3).

Fig.5
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Porcine intrapulmonary veins - acetylcholine [I[pM] induced an endothelium-dependent relaxation which was

greatest in the young, including the fetal animals. The response in vessels from animals exposed to CHH was
similar to that seen in normal age-matched animals.

Error bars represent standard deviation (standard error where n = 3).
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Fig.7

Human intrapulmonary vessel studies

Contraction to bolus 30mM potassium chloride B. Contraction to 125mM potassium chloride
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Intrapulmonary arteries (IPA) isolated from normal and pulmonary hypertensive (PH) children
contracted to (A) 30mM potassium chloride (B) 125mM potassium choride and

(C) prostaglandin ~2a [30pM]. The IPV from a 36 hour old baby with PPHN (D) contracted to
both KCI and PGF**.
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Fig.9
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Fig.9. Response of IPA and IPV from pulmonary hypertensive children of different
ages to ACh and bradykinin.
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C. The response of precontracted IPA from a

15 year old child with pulmonary hypertension,

to ACh. The response is similar to that seen in the
normal children.

-log ACh

D. The response of precontracted IPA from a

16 year old with pulmonary hypertension, to

first a cumulative addition of bradykinin, then

a bolus of ACh. The response to ACh was similar
to that seen in the normal children.

10 9 8 7 6 1pM ACh
-log Bradykinin

E. The response of precontracted IPA from another
16 year old pulmonary hypertensive, to cumulative
additions of ACh. In this case, ACh only induced
a contractile response.

-log ACh
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Chapter 4. ATP-induced relaxation responses of precontracted intrapulmonary

arteries from normal and pulmonary hypertensive pigs and children.

Summary.

1. Intrapulmonary arteries (IPA) from normal fetal piglets (5 days pre-term), newborn

piglets (aged <5 minutes - 3 hours), animals aged 3, 6, 14-17 days and adult pigs were
isolated and mounted with or without endothelium for in vitro isometric force recording.
Pulmonary hypertension was produced in piglets by exposure to hypobaric hypoxia (50.8kPa)
(CHH) from birth, 3 or 14 days of age, for a period of 3 days. IPA were studied from an

8 year old normal and a 15 year old pulmonary hypertensive child.

2. ATP-induced relaxation in normal fetal and newborn piglet IPA precontracted with
PGF7, [30uM]. The sensitivity of the relaxation response increased significantly between
birth and 14 days of age (p<<0.05). The response did not increase with age when vessels were
precontracted with 30mM potassium chloride.

3. Exposure to CHH from birth and 3 days of age had no significant effect on the IPA
relaxation response to ATP, but the response was augmented by exposure from 14 days of
age.

4. Removing the endothelium had no significant effect on the response of IPA to ATP
precontracted with PGF9, in vessels from both normal and pulmonary hypertensive animals.
5. The nitric oxide synthase inhibitor N°-monomethyl-L-arginine acetate, L-NMMA
[30uM], increased the sensitivity of the relaxation response to ATP in IPA, precontracted
with PGFy [30puM], in 2 of 3 newborn piglets, but had no effect upon the adult relaxation
response. Inhibiting cyclooxygenase synthase with indomethacin [10puM] significantly
augmented the sensitivity of the relaxation response in ATP of IPA, precontracted with
PGFy, [30uM], from newbormn piglets.

6. ATP-induced transient contractions in PGF precontracted IPA from older pigs, but not in

those from fetal or newborn animals. The contractile response was evoked in a greater
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proportion of animals as the age of the pigs increased. The magnitude of the contractions
also increased with increase in age.

7. In children ATP induced an endothelium-independent relaxation response in [IPA
precontracted with PGFy, from a normal 8 year old. ATP also relaxed IPA precontracted
with KCI from a 15 year old pulmonary hypertensive child.

8. In summary, in the present study ATP induced an endothelium-independent relaxation of
fetal, neonatal and mature porcine IPA, and in the IPA from a normal child. This suggests
that ATP might be involved in the fall in pulmonary arterial pressure during adaptation to
extrauterine life. The ATP induced relaxation of the intrapulmonary arteries was resistant to
the effects of chronic hypoxia-induced pulmonary hypertension, even in newborn piglets.
This continued effectiveness may have therapeutic implications for children suffering from

pulmonary hypertension in the newborn period.

Introduction.

The neonatal pulmonary circulation is labile during adaptation to extrauterine life at a time
when the vessels are undergoing a dramatic transformation in morphology and function. The
physiological basis of these changes is to facilitate a reduction in the pulmonary arterial
resistance and therefore allow efficient gas exchange in the lungs {159,174}. Pulmonary
hypertension (PH) of the newborn is potentially fatal, due to a failure of the pulmonary
circulation to adapt to extrauterine life {328}. The most common cause of persistent
pulmonary hypertension in the newborn (PPHN) is chronic hypoxia {161}. The problem
appears to be localised to the arterial segment. In the systemic circulation, the small arterial
vessels have been recognised as the site of vascular resistance {372}. By extrapolating from
the work on the systemic circulation and considering the results of pressure measurements
using servonulling micropuncture and wedge pressure techniques in the lung {158,166}, the
arterial segment of the pulmonary circulation has been identified as the major, but not the
sole, site of pulmonary vascular resistance {331,332,333}. It is therefore logical that
attention should be focused on the intrapulmonary artery (IPA) when discussing the postnatal

fall in pulmonary vascular resistance.
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The majority of studies investigating pulmonary arterial vasodilatation in the newbom
period have been concerned with the nitric oxide (NO) pathway. Endothelium-dependent
vasodilating agonists such as acetylcholine and bradykinin, which stimulate nitric oxide
synthase, produce a relatively poor relaxation response during the first days of extrauterine
life {241,425,448}. Endothelium-independent agonists such as NO and sodium nitroprusside
are more effective, as are K1- 5 pp channel agonists in relaxing IPA from newborn animals
{241, 41}.

By exposing newborn piglets to chronic hypobaric hypoxia (CHH, 50.8kPa) the
haemodynamic abnormalities and structural remodelling associated with PPH in the human
infant are produced after 3 days. This experimental model also shows that PPH delays the
normal postnatal development of endothelium-dependent relaxation to agonists such as
acetylcholine and bradykinin {399 120}. It also attenuates endothelium-independent

relaxation to nitric oxide, a response which usually matures during the first 2 weeks of life.

The maturation of ATP-induced relaxation has not been studied previously in newborn
intrapulmonary arteries. ADP has been shown to induce an endothelium-dependent
vasodilatation in neonatal lambs, but ATP itself produced endothelium-independent relaxation
in neonatal piglets {3,319}. ATP induces endothelium-dependent vasodilatation by
stimulating the release of EDRF and prostacyclin from intrapulmonary arteries of the mature
rat and human {238,237}. But, purine-nucleotides have also been shown to induce a
vasodilatation of IPA from various species including humans which was endothelium-
independent {237,265,326}. The involvement of purines at birth was indicated when
exposing fetal lambs in vivo to increased oxygen levels led to an increase in the pulmonary
arterial plasma levels of ATP, released from fetal erythrocytes {226}. Increasing the fetal
level of circulating ATP to the postnatal level produces a fall in pulmonary arterial pressure
mediated by P2Y -purine receptor(s) {222,226}. This would suggest a physiological role for
purines in the neonatal period. It has been suggested that ATP reduced PAP in adult human
patients with chronic obstructive lung disease and secondary PH was due to inhibition of

hypoxic vasoconstriction {141}.
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ATP also causes areduction in the PAP of adult humans and animals with pulmonary
hypertension {140,141,139,130,225}. Clinically, infusions of ATP have been successful in
treating pulmonary hypertension of infants secondary to congenital heart defects and adults
during cardiac surgery {54,145}. The effect of chronic hypobaric hypoxia on the response of

the newborn to ATP has not previously been investigated.

In the present study, intrapulmonary arteries, with and without endothelium, were removed
from normal pigs before and at birth and during early development and the responses to
cumulative doses of ATP were investigated. In addition, the reactivity of the IPA isolated
from piglets exposed to chronic hypobaric hypoxia between birth and 14 day of age was

studied.

Methods.

Material: intrapulmonary arteries (IPA) from normal fetal piglets (5 days pre-term), newbom
piglets (aged <5 minutes - 3 hours), animals aged 3, 6, 14-17 days and adult pigs. Pulmonary
hypertension was produced in piglets by exposure to hypobaric hypoxia (CHH) (50.8kPa)
either from birth, or after 3 or 14 days of age, for a period of three days. Human tissue was
studied when possible (Table 1).

Methods : vessels were isolated and mounted with or without endothelium for in vitro
isometric force recording. The effect of ATP was studied in IPA precontracted with PGF,q at
different ages and between species. For further details of the protocols used please refer to

sections 1 and 2 of Chapter 2.

Table 1. Clinical details of children from whom tissue was studied.

Specimen no. | Details of child

Normal

3680 8 year old, donor, mild asthmatic. Accidental death.

Pulmonary

hypertensive

3508 16 year old, Primary PHN, lung removed during transplantation.
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Results.

Responses of intrapulmonary arteries from normal pigs.

The natural purinergic ligand, ATP, produced a concentration-dependent relaxation in [PA
precontracted with PGF,, [30uM] from both fetal and newborn animals, indicating that birth
had no effect upon the response (Fig.1A). At the beginning of the present relaxation study the
concentration-range applied to the newborn rings was the same as that used by other
investigators in studies of mature vessels {238,237}. However, it was soon apparent that the
maximum concentration should be increased to obtain a more complete relaxation response
curve in the younger age groups. This was implemented early in the study.

Increasing cumulative doses of ATP induced sustained relaxations which did not reverse
between doses. Full sigmoidal curves could be fitted to the dose-response relationships for
IPA from older animals and the EC,, values determined. In younger animals complete dose-
responses were not seen because the highest practical concentrations of agonist were
insufficient. However, sigmoidal curves were fitted by using non-linear regressional analysis
and ECy, values were determined by assuming that a 100% relaxation was possible in the
young animals as it had been found to be in the older animals. There was no indication that
the maximal relaxation response was potentially less than 100% in the IPA from younger pigs
(Table 2). The ECs, value is that which concentration of agonists which would produce a
50% effect, in this case vasodilatation. The greater the value the smaller the potency of the

agonist.
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Table 2. EC;s, for the relaxation response to cumulative-ATP in normal porcine IPA

precontracted with PGF,,,

Animal age group | With endothelium Without endothelium
ECs + sem ECso £ sem

Fetal 6 mM * 3 3) 2mM+2  (3)
Newborn 24mM£13  (7) 11mM*5 (4)

3 days old 4mM+2 (6) 5SmM+2  (7)

6 days old 4mM+2 (8) 5mM2  (5)

14 days old 1mM+1 (8)* 2mME1  (6)*
Adult 62 UM £ 16 (10)* 38uM =20 (5)*

Sem = standard error of the mean. ECsg data was derived from curves fitted on the assumption that Emax was
100% in all cases. One pair of resuits from a newborn animal was not used to derive an ECs as the relaxation
response curve obtained was insufficient to fit a sigmoidal curve. (n) = number of animals from which the data is

derived. * indicates a significant difference from the newborn group at a significance level of p<0.05.

The sensitivity of the relaxation response to ATP increased with increase in age, the response
at 14 days and older was significantly greater than in the newborn (p<0.05). Removing the
endothelium did not influence either the relaxant or contractile component of the ATP
response at any age (Fig.1B). In older animals transient contractions were induced by ATP at
concentrations > 1mM , but this did not occur in the IPA from fetal or newborn pigs (Fig.2).
The proportion of animals within each age group showing a contractile response increased
with increase in age (Table 3). The magnitude of the contractile response also increased

gradually with age.
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Table 3. The percentage of precontracted ( PGF,q [30uM]) IPA, each from a different

animal, which contracted to ATP.

Normal Fetal Newborn | 3 days 6 days 14 days Adult

E+ |E-|E+ |E- |E+ E- E+ E- E+ E- E+ | E-

% 0:0 0:0 83 : 71 75 80 60 : 60 100 : 100
Pulmonary 0-3 days 3-6 days 14-17 days

hypertensive

% 20 : 20 14 : 14 50 : 50

E+ indicates data for IPA with endothelium and E- indicates data for IPA without endothelium.

The sensitivity of the ATP induced relaxation response in arteries precontracted with 30mM
KCl did not increase with increase in age, in contrast to the increase of sensitivity observed

when PGF,q, was used to precontract the vessels (Fig.3, Table 4).

Table 4. EC 5, data for ATP-induced relaxation of porcine IPA precontracted with 30mM

potassium chloride.

Age group with endothelium | without endothelium
fetal - 6 daysold | 18mM £4(9) 4mM*2(3)
14 days - adult SmM+t3 (8) 7mM £6 (5)

Mean data * standard error , (x) = number of animals.

Responses of intrapulmonary arteries from PH pigs.

The maturation of the relaxation response to ATP was not significantly influenced by
exposure to CHH (50.8kPa) for 3 days, starting either at birth or at 3 days or 14 days of age,
when compared to age-matched controls. (Fig 4 A,B,C). In the older animals first exposed at

14 days of age the sensitivity to ATP was significantly greater than was normal for age
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(Table 5). Removing the endothelium did not significantly affect the relaxation response
to ATP of IPA precontracted with PGF,, from either normal or pulmonary hypertensive
pigs (Fig. 1B & Fig.4 A-C, Table 2 & 5).

Table 5. The effect of removing the endothelium from IPA isolated from pulmonary

hypertensive animals upon the response to ATP.

PH animals with endothelium. without endothelium.

EC 50 (£ sem (n)) EC 5o ( sem (n))

Exposed to CHH from birth - 3 days | 5.82mM % 3.43 (5) 3.88mM *2.761 (5)

Exposed to CHH from 3-6 days 9.93mM + 4.91 (8) 1.943mM + 4.513 (6)

Exposed to CHH from 14-17 days 65.9uM £21.4 (4) 55uM * 50 4)

Sem = standard error of the mean. EC5( data was derived from sigmoidal curves fitted with the assumption that

Emax was 100% in all cases. (n) = number of animals the data is derived from.

Inhibition of nitric oxide synthase (NOS) with L-NMMA [30puM] increased the sensitivity of
the relaxation response in IPA with endothelium from 2 of the 3 newborns but had no effect in
the adult group (Fig.5 A,B). Indomethacin inhibition of cyclooxygenase synthase had no
effect on the ATP-induced relaxation in IPA from newborn pigs (Fig.5 C,D).

ATP induced an endothelium-independent relaxation of IPA from an 8 year old normal child
(Fig.6 A,B). ATP also relaxed the IPA from a pulmonary hypertensive child, which had been
precontracted with KCl (Fig.6 C).

Discussion.

In the present study, the elastic intrapulmonary arteries (IPA) ,precontracted with PGF,q,
from adult pigs relaxed to ATP by an endothelium-independent mechanism. Because only a
few in vitro studies of isolated pulmonary arteries (PA) from mature animals have previously
been carried out, it has been difficult to compare the findings of the present study with those

of other investigators.
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Firstly, the PA have been isolated from different regions of the pulmonary arterial
circulation. In the adult rat and rabbit the pulmonary trunk as it arises from the heart was
studied , while in the guinea-pig the extrapulmonary PA to each lung was used. Both large
and small PA have been studied from within the human lung {238,326,240,152,237}. One
could suggest that they are all PA but it may be predicted that the reactivity and function of a
PA outside the lung would differ from one located in close proximity to the gaseous interface.
The site of pulmonary vascular resistance has been localised to the small arteries in the adult
lung , but this may not be so in the fetal lung and so the site of vascular resistance may change
during adaptation to extrauterine life {158,166} .

Secondly, the same preconstricting agonist has not been used in any two studies previously
reported and has even varied within a species. Phenylephrine (acting via calcium influx and
release of intracellular stores), a thromboxane analogue U-44069 and PGF,, (both acting via
inositol 1,4,5-triphosphate (IP;) / diacyglycerol (DAG)) and 5-hydroxytryptamine (5-HT)
(acting via cAMP) have all been used, involving different mechanisms to increase vascular
tone {3,238,152, 326, 240, 237}.

Thirdly, previous studies represent relaxation responses as a percentage of the tension
developed by the preconstricting agonist, but in the present study papaverine [100uM] was
used to remove all active tension in the IPA. Therefore, it is almost impossible to compare
the data given by other investigators with our own. Papaverine was used in the present study
because it was postulated that age may influence the degree of active tone present at different
ages during postnatal development and that this possibility should be taken into consideration

when calculating responses.

Despite these variations in methodology, the sensitivity of the relaxation response to ATP in
PA with endothelium is remarkably similar in the different studies, including findings in the
adult porcine IPA in the present study. However, differences appear between the studies
when the sensitivity of the relaxation response to ATP of PA without endothelium is analysed.
In the present study, the response to ATP was entirely endothelium-independent at all ages in

both normal and pulmonary hypertensive animals and normal human IPA. It has been
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suggested that the cellular distribution of ATP-receptors depends on vessel size, and that

the variation in results within a species might be accounted for by differences in the location
of the vessel studied within the vascular bed {237}. The sensitivity of the relaxation response
to ATP in large and small adult human IPA with endothelium was found to be similar but
removing the endothelium significantly reduced the effect of ATP in large IPA, and had no
effect on the small vessels {237}. But, 5-HT and phenylephrine were used to precontract the
large IPA whilst PGF,, was used for the small IPA, and this could explain the difference in
response. However, the relaxation to ATP was endothelium-independent for the
extrapulmonary artery of the adult rabbit but endothelium-dependent for the adult human PA,
when phenylephrine used in both studies {326,152}. The response to ATP has also been
found to be endothelium-independent in the adult rabbit hepatic artery, hepatic portal vein,
mesenteric artery, aorta, coronary artery, the isolated canine femoral artery, guinea-pig
coronary artery and the human forearm vascular bed {257,215,53,97,98,115,214,344}. By
contrast, the ATP vasodilatation of the canine hindquarters, the adult rat thoracic aorta and
mesenteric artery were found to be endothelium-dependent {265, 336, 350,420}. Some
vessels showing an endothelium-independent response also displayed a degree of
endothelium-dependency such as the adult rabbit hepatic artery {335}. Other endothelium-
independent agonists cause a greater relaxation of the IPA from newborn pigs than do
endothelium-dependent agonists, in the same animal model. Exogenous nitric oxide can
relax IPA from the newborn, whilst receptor mediated endothelium-dependent relaxation by
acetylcholine and the non-receptor mediated relaxation to the calcium ionophore A23187 was
absent until about 2 days of age {241}. ANP and activation of K'-sp-channels by
levcromakalim relaxed IPA from newborn pigs by an endothelium-independent pathway as in
the present study {260,41}. All the agonists described may play a part in reducing the
pulmonary arterial pressure during adaptation to extrauterine life and ATP induced relaxation
might also contribute to this process .

The lack of an inhibitory effect by L-NMMA or indomethacin would argue against nitric
oxide or cyclooxygenase products being mediators of the ATP-induced relaxation in the

newborn. The enhancement of the relaxation response by L-NMMA in the newborn vessels
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was unexpected if, as suggested in the literature NO can mediate ATP-induced
vasodilatation {115}. However, by blocking the basal release of NO it is possible that the

basal tension in the IPA increased, allowing more active tension for ATP to relax.

The effect of adaptation to extrauterine life and postnatal age upon the IPA reactivity to ATP
has not been studied before. Relaxation to ATP of the IPA from fetal pigs was similar to that
seen in the newborn animals. Other workers have reported a similar potency for ATP-induced
endothelium-independent IPA vasodilatation in neonatal piglets {319}. In the present study,
after birth the sensitivity of the relaxation response increased during the first week of life and
by 14 days was significantly greater than the newborn. A further 20 fold increase in the
sensitivity was found when comparing the 14 day old and adult animal. The same age-
dependent response pattern was found for the ADP-induced endothelium-dependent
vasodilatation in isolated ovine IPA {3}. In some instances in the systemic arteries the
response changed with age but unlike the present findings in the pulmonary circulation, the
endothelium-independent relaxation decreases with age. The ATP endothelium-independent
relaxation of the rat aorta decreases with age, while the endothelium-dependent response was
unaffected {219}. But in the rabbit aorta, the endothelium-dependent response was less in
vessels from adult than from younger rabbits {88}. This may reflect a redistribution of
receptors, a reduction in receptor number or receptor efficacy, expressed on the vascular
smooth muscle cells with age. As the thickness of the blood vessel wall increases with age,
the physiological supply of ATP from the endothelium and nerves may become more remote
from the smooth muscle and result in downregulation of the response.

Preincubation with indomethacin in newborn IPA had no effect on the ATP-induced
relaxation, suggesting a lack of involvement by cyclooxygenasae products in the response.
P2Y-receptors have been associated with the production of prostacyclin (PGI,) in the neonatal
porcine lung and human umbilical vein endothelium {179,78}. Thromboxane A, (TXA;) has
been shown to mediate vasoconstriction by ATP and adenosine in systemic and pulmonary

arteries{374,287,291}.
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Observing a relaxation response to ATP is not conclusive evidence for the response being
mediated by receptors of the P2-nucleotide family. The possibility that adenosine mediates the
relaxation response to ATP must always be a consideration. ATP has been shown to be
rapidly metabolised to adenosine by ectoATPase degradation enzymes located on endothelial
and smooth muscle cells {317,106,431}. This process has been found to be particularly rapid
in the pulmonary circulation {116, 82, 363}. Adenosine could then act either at P1-
nucleoside-receptors mediating vasoconstriction (A1) or vasodilatation (A2) on pulmonary
artery smooth muscle cells {261}. The rate of metabolism and clearance of purines varies in
different tissues and species {216,79}. These processes could therefore conceivably vary
during the development of a vascular bed, resulting in maturation of a response.
Alternatively, ATP and adenosine from metabolism could operate at the same receptor,
distinct from P2- and P1-receptor families. Studies using adenosine-receptor antagonists
suggest that a novel “P3”-nucleotide receptor may also be present on the smooth muscle cells
of the adult rabbit aorta, which is sensitive to both ATP and adenosine {89}.

When KCI was used to precontract IPA in the present study, the ATP induced relaxation was
similar at all ages. The increase in the sensitivity of the relaxation response to ATP with age
when PGF,q was used to precontract the intrapulmonary arteries may involve K" -channel(s)
maturation. Transient contractions to high concentrations of ATP have previously been
reported in mature pulmonary arteries and may be due to ATP acting at a P2X-receptor or
adenosine at P1 (Al)-receptor(s), both of which are located on vascular smooth muscle
{291,53,262}. The nature of the ATP contractile response is fully addressed in Chapter 6 of
the present study. In the knowledge from previous work that the newborn porcine IPA only
contracts to certain agonists it may be suggested that certain receptor-coupled mechanisms

leading to vasoconstriction mature with age, including the P2-receptors {233}.

We have shown that the normal relaxation response of IPA from normal fetal and newborn
pigs to ATP was similar, only improving after birth. These findings would suggest that the
act of birth may initiate maturation of the response, although we may be witnessing a gradual

maturation starting early in fetal life which continues after birth.
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The present study has shown that the endothelium-independent relaxation to ATP in

newborn porcine intrapulmonary arteries was not impaired by chronic hypoxic pulmonary
hypertension at any time during the first two weeks of life, despite the vascular remodelling
which has occurred on exposure to CHH {7,9} . The response to ATP was unaltered in the
presence of persistent pulmonary hypertension when compared with the response in vessels
from normal 3 day old animals. This was in contrast to endothelium-dependent and -
independent responses involving the NO pathway {399}. ACh -induced endothelium-
dependent relaxation normally develops during the first 3 days of life which is prevented by
exposure to CHH and the response normally established by 2 days of age is inhibited by
exposure to chronic hypobaric hypoxia at 6 or 14 days of age. Endothelium-independent
relaxation in response to NO was also attenuated {399}. This inhibition of relaxation, despite
a normal increase in agonist stimulated cGMP levels, has been attributed to a reduction in the
ability of cGMP to cause relaxation of vessels from CHH animals, such as a higher threshold
of cGMP-induced relaxation {399}. A 3 day period of chronic hypoxia did not impair the
ATP-induced endothelium-independent relaxation response of the porcine IPA precontracted
with PGF,q . This would indicate that even in a labile vascular system such as the neonatal
pulmonary circulation, the mechanism by which ATP relaxation operates was resistant to a
period of remodelling by hypoxia. ~ATP-induced relaxation was also evident in IPA isolated
from a pulmonary hypertensive child precontracted with KCI.

In the normal animal, after 2 weeks the reactivity of the porcine IPA is similar to that the
adult vessel, where the pulmonary arteries function at a relatively low tone and pressure
{154}. A 3 day period of chronic hypobaric hypoxia at this age still results in pulmonary
hypertension, inhibition of ACh-endothelium dependent relaxation and attenuation of the
response to NO. We were surprised therefore when the sensitivity of the ATP-induced
relaxation in this age group was augmented. ATP has been shown to produce a tone-
dependent dual response where it is more likely that ATP will induce vasoconstriction at low
tone and vasodilatation at raised tone. In the precontracted IPA from normal 14 day old
pigs, a relaxation response occurred at lower concentrations removing the PGF,q-induced

tone. At the lower tone ATP induces transient contractions as the concentration increases,
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predicted for a tone-dependent agonist which produces a response which is the resultant of
action at vasodilator and vasoconstrictor receptors. In IPA taken from piglets exposed to
CHH at 14 days of age, ATP produced a greater relaxation of IPA even at higher
concentrations where contractions would have be predicted in normal. It therefore seems

possible that a loss of contractile reactivity to ATP has led as an increase in relaxation.

The findings in the present in vitro study on isolated porcine IPA suggest that ATP-mediated
vasodilatation may play a large part in the normal fall in pulmonary vascular resistance which
occurs at birth. This conclusion is supported by the increase in ATP plasma levels at birth
and the studies of fetal and newborn lambs in vivo showing a reduction in pulmonary arterial
resistance following infusion of ATP and adenosine at postnatal blood concentrations
{221,224,226}. The present study has produced two findings which have implications for the
future use of ATP in the clinical management of pulmonary hypertension, not only in the
newbomn but also in older children. Firstly, IPA isolated from both newborn and older
pulmonary hypertensive piglets relaxed in response to ATP. Secondly that even at high
concentrations of ATP a vasoconstrictor response does not occur in IPA from infants. This is
important since accurate, consistent titration of a drug in a sick newborn is not always
possible due to changing haemodynamics. The findings in the present study would indicate
that a sudden rise in pulmonary arterial pressure due to an excessive amount of ATP would be
unlikely to happen. Infusions of ATP cause pulmonary-specific vasodilatation at doses which
have no systemic effects in neonatal and older animals with pulmonary hypertension induced

by hypoxia and drugs (306,308,225} .
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Fig.1
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Relaxation response to ATI* in intrapulmonary arterial rings with endothelium precontacted
with 30pM from pigs during adaptation to extrauterine life ((fetal (n=3 <), newhoni
(n=8 m), 3 day old (n=6 A), 6 day old (n=8 T), 14 day old (n=7 ¢), adult (n=9 0)) .
The sensitivity to ATP increased with increase in age Enor bars = sem
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Relaxation response to ATP in porcine intrapulmonary arterial rings with (solid symbol and line)

and without (empty symbol and broken line) endothelium, precontracted with 30pM PGp2a '

The rings were isolated from pigs as newborns (n=8 m and 5 3 ), at 3 days of age (n=6 A and 7 A)
and as adults (n=9 O and 5 ©).

The endothelium did not inlluence the response at any age. Error bars = sem.
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Representative traces of tlie response to ATP in newborn (A) and adult (B)
porcine intrapulmonary arteries, with endothelium, precontracted with 30pM
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PGFao”. At high concentrations a transient contraction could be induced in older animals.

Snp, sodium nitropmsside 100pM; papav, papaverine IOOpM. * indicates -log values.
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Fig.3

% Relaxation (30mM KCI - 100).iM papaverine)
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Concentration-response curves to A I’P in porcine intrapulmonary arteries precontracted

with 30mM KCIl. Removing the endothelium did not significantly influence the relaxation response
(with, A & B without endothelium). Newborn (n=1), 3 day normal (n=4/2), 6 day normal (n=4/1)
14 day normal (n=3/3) and adult nonnal (n=5/2)B.

The sensitivity of the relaxation response did not increase with an increase m age.

Bars = sem if n 3, standard deviation if n=2.
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The effect of pulmonary hypertension (PH) on intrapulmonary arterires, with endothelium, precontracted with 30pM PGF,*,

following exposure to chronic hypobaric hypoxia for 3 days from (A) birth n=5 T (normal newborns n=6 O,
normal 3 day old n=6V ); (B) from 3days n=5 T (normal 3 day old n=5 O, normal 6 day old n=8 V );
(C) and from 14 days n=4 T (normal 14 day old n=81 ) on the ATP-induced relaxation.
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% Relaxation (30fiM PGF2a - 100/iM papaverine) Fig.5
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The elTect of NOS inhibitor L-NMMA [30|iMJ on the ATP-induced relaxation of individual precontracted (30|iM PGT*J
intrapulmonary arteries with endothelium, (A) 3 normal newborns and (B) 2 normal adult pigs.
Solid symbols, without L-NMMA. Empty symbols, with L-NMMA.
% Relaxation (SOpM " AO0pIVI papaverine)
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Effect of IOpM indomethacin upon ATP-induced relaxation of precontracted (30pM PGFjJ newborn porcine IPA,
with (C, n=5) and without (D, n=3) endothelium. Indomethacin did not significantly increase the relaxation response to ATP.

Solid symbols, without indomethacin. Empty symbols, with indomethacin. Bars = sem.
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Human intrapidlmonary arteries

Fig.6
A
7 6 5 1.52 snp  papav
200mg
5 minutes
30(.iM PGp2ot
Trace of the response induced by ATP (A) of IPA from an eight year old normal child.
IPA with endothelium was precontracted with 30pM PGp2(" * -log values.
B. % Relaxation (30pMPGFp -100pM papaverine) C % Relaxation (30niM KCI bolus - IOOpM papaverine)
20 . 20 -
40 - 40 -
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-log[ATP] -log [ATP]

Dose-response to ATP of IPA precontracted with 30pM PGp2g' C. Dose-response to ATP in a precontracted 30mM KCI) IPA
from an 8 year old normal child. A gradual decline of PGp2g" with endothelium .from a 15 year old child with pulmonary

hypertension. The original recording was extremely noisy,

tension accounts for the apparent greater relaxation in the ring but there did appear to be a relaxation response

without endothelium (empty symbols).

Fig.s . Response of IPA from a nomral (A), and a pulmonary hypertensive child (B)
to cumulative additions of ATP.
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Chapter 5. P2-nucleotide receptor agonist induced relaxation responses of

intrapulmonary arteries from normal and pulmonary hypertensive pigs and children.

Summary.

1. Intrapulmonary arteries (IPA) from normal fetal piglets (5 days pre-term), newborn piglets
(aged <5 minutes - 3 hours) ,animals aged 3, 6, 14-17 days and adult pigs were isolated and
mounted with or without endothelium for in vitro isometric force recording. Pulmonary
hypertension was produced in newborn piglets (PHN) by exposing them to chronic

hypobaric hypoxia (CHH)(50.8kPa) for 3 days from birth. IPA were studied from the lungs of
two children with no cardiopulmonary disease (aged 5 & 8 years) and six children with
pulmonary hypertension contributing to death (aged 36 hours, 10 days, 4 months and three
aged 15-16 years old).

2. In the porcine lung, 2-methylthioATP (2-meSATP) and adenosine 5-O-(2-thiodiphosphate)
(ADPfS) relaxed normal pulmonary arteries independently of the endothelium at all ages
studied . The sensitivity of relaxation to ADPBS increased from birth to 3 days of age, and
was significantly greater in the adult. The sensitivity of relaxation to 2-meSATP appeared to
increase with age, but the change was not statistically significant. PHN did not significantly
affect the relaxation response to 2-meSATP, but reduced the relaxation response to ADPS,
when the findings were compared with those in normal age-matched animals. Removing the
endothelium did not significantly affect the relaxation response to 2-meSATP or ADPS in
vessels taken from PH animals.

3. In the porcine IPA, the poor relaxation response evoked by o,3-methylencATP

( a,p-meATP) and UTP did not change significantly with age. o,3-meATP and UTP evoked
transient contraction responses and the magnitude of the response increased with age .
Removing the endothelium significantly increased the potency of the relaxation response to
UTP. PHN resulted in the loss of relaxation to o,3-meATP in 2 of the 4 animals studied. The
response to UTP was not investigated in PHN.

4. In the human studies ADPS relaxed IPA from 5 and 8 year old normal and 10 day-old and

4 month-old hypertensive children , with a degree of endothelial-dependency in both groups.
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The P2Y-purine receptor agonist 2-meSATP relaxed IPA from an 8 year old normal child
and removing the endothelium reduced the response.

5. These findings suggest that a P2Y;-receptor mediates the IPA vasodilatation to P2-agonists
in the neonate and may play a role in achieving or maintaining a low pulmonary arterial
pressure in the transitional postnatal pulmonary circulation, as well as in regulating vascular
tone in the mature lung. The same rank order of P2-receptor agonist-induced relaxation
potency was found for animals exposed to CHH, suggesting that a P2Y-receptor was still
functioning. The present study showed that IPA isolated from the lungs of children were still
viable 20 hours postmortem for in vitro experiments. ATP produced an endothelium-
independent relaxation, similar to that seen in the porcine vessels. However, both P2Y-
selective agonists , ADPBS (P2Y) and 2-meSATP (P2Y,), were found to relax, in part, via
an endothelium-dependent pathway which was reduced in older children with pulmonary

hypertension .

Introduction.

The high pulmonary arterial pressure of the fetal circulation normally falls during adaptation
to extrauterine life. But agonist-induced endothelium-dependent vasodilatation to
acetylcholine (ACh) does not mature until 2 or 3 days of age in the porcine intrapulmonary
artery (IPA) (See Chapter 3) {241,425}. Endothelium-dependent vasodilatation to ACh,
bradykinin, ADP is also immature in neonatal lambs and rabbits {448,369,379,3}. Newborn
IPA smooth muscle dilates in response to agonists such as exogenous nitric oxide and sodium
nitroprusside, although the response is significantly less at birth than at older ages {241}.

In the present study we have shown that ATP relaxes newborn effectively by an endothelium-
independent mechanism (See chapter 4). The purpose of this chapter is to characterise the
receptor subtype mediating the response during normal development and in PHN. The study
is then extended to compare the findings in comparable vessels taken from normal children
and those with pulmonary hypertension with the porcine findings. There have been no in vitro

studies regarding P2Y-receptor(s) in IPA from newbomn or neonatal animals.
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The original division of P1- and P2-receptors depended to a large extent upon the rank
order of potency of ATP and associated purine metabolites. This approach was also used to
divide P2-purine receptors into P2Y and P2X subtypes, incorporating new synthetic purine
analogues which displayed receptor-specificity in some tissues. Recently pyrimidines, such
as UTP and UDP, have been found to be potent agonists at certain P2Y-receptor agonists,
provoking the inclusion of these nucleotides in classification studies. This method of
classification is still currently accepted in the absence of specific receptor antagonists, and is

used in concert with molecular biological system of classification.

In the present study we determined the effect ATP (native purinergic ligand) ,2-meSATP
(P2Y,-agonist, ), ADPBS (P2Y-agonist), a,B-meATP (P2X, 5,4 3-agonist), and UTP (P2Y;4,)
on isolated porcine intrapulmonary arteries from normal pigs during early postnatal life. The
agonists for the present study were selected because of their generally accepted receptor
selectivity and, apart from UTP, an increased stability to metabolism {48,71, 95, 101, 134,
215,216, 363}. This strategy aims to reduce the possibility that purine metabolite activity at
P1-receptors is responsible for responses recorded. 2-meSATP has been used by other
workers to classify P2Y-receptors, located on vascular endothelial and smooth muscle cells or
expressed on isolated cells {326,238,412}. ADPPS has been used less extensively but has
been shown to induce an endothelium-dependent relaxation of canine coronary artery through
the release of NO and possibly by membrane hyperpolarization {279,184}. ATP,

2-meSATP and ADPS each induced an endothelium-dependent relaxation of precontracted
aorta from newborn piglets (255,148). o,B-meATP was identified as an agonist, which
displays selectivity for the P2X-contractile purine ionotropic receptor family, particularly
P2X, {65}. More recently, [3H] o,3-meATP, has been used to localise and classify P2X-
receptor binding sites in the mature lung of cat and human {34}. The P2Y,and P2Y-
receptors have been defined receptors mediating vascular relaxation, where UTP and UDP
respectively is the most potent agonist, while UTP was equipotent with ATP at the P2Y,{74}.
Previously, UTP vasodilatation has been studied in systemic vessels, but was recently

investigated in adult rabbit main pulmonary artery (334,326}.
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UTP has been shown to induce endothelium-dependent relaxation of the adult rabbit
pulmonary artery via NO release and it stimulates PGI, release from cultured aortic
endothelial cells {326,245}. UTP-induced vasoconstriction occurs in vessel of many types
but it is not clear whether there is a specific pyrimidine-contractile receptor {406}. It has
been suggested that the contractile action of UTP in the pulmonary vasculature of the adult rat
occurs via a novel ionotropic receptor, following antagonist studies {168,348}.

P2Y-receptor mediated vasodilatation of PA has been reported to be both endothelium-
dependent and -independent. By using the P2-purine receptor selective agonist 2-meSATP, a
P2Y-purine receptor mediated relaxation has been i1dentified on the endothelium of IPA from
adult rats {238}. However, using the same approach a P2Y-vasodilating receptor has been
identified on the smaller IPA vessels from adult humans {237}. Both ATP and ADP have
been found to induce an endothelium-dependent relaxation of large IPA in vitro, 1solated

from adult humans {152}.

Pulmonary hypertension , in particular PHN, contributes to morbidity and mortality in a
number of pathological conditions. Persistent fetal circulation may be due to one or more
factors, including hypoxia. Rarely it can be idiopathic. The pulmonary circulation fails to
adapt to extrauterine life and the pulmonary arterial pressure remains high. If the situation is
not corrected early, then a degree of abnormal vascular remodelling may make the condition
irreversible {161}. As well as there being a reduction in the activity of certain vasodilator
substances, it has been suggested that the increased PAP may also be due to an increase in
response to contractile agonists {399}.

Current clinical management entails mechanical ventilation with a high concentration of O, ,
and vasodilator drugs such as inhaled nitric oxide or a prostacyclin infusion. There are a few
reports that central line infusions of ATP have been successful in controlling a high
pulmonary arterial pressure (PAP) in infants and adults following intracardiac repair {54,
145}. Other workers have also found that ATP infusions reduce the PAP of adults with
pulmonary hypertension associated with chronic respiratory disease, while adenosine is

ineffective {140},
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The aim of this study was to elucidate P2-receptor activity in the immature lung, normal and
hypertensive, identifying the types of receptor involved by applying the current [UPHAR
guidelines after compiling a rank order of agonist potency {74}. The study was extended to
compare the reactivity of porcine IPA and human IPA to P2-nucleotides, the vessels having
been isolated from similar segments of the pulmonary arterial tree. A model of PPHN was
produced by exposing newborn piglets to chronic hypobaric hypoxia (50.8kPa) for 3 days
{399}.

Methods.

Material: intrapulmonary arteries (IPA) from normal fetal piglets (5 days pre-term), newborn
piglets (aged <5 minutes - 3 hours), animals aged 3, 6, 14-17 days and adult pigs. Pulmonary
hypertension was produced in piglets by exposure to hypobaric hypoxia (CHH) (50.8kPa)
from birth, or after 3 for 3 a day period. Human tissue was studied when possible (Table 1).
Methods : vessels were isolated and mounted with or without endothelium for in vitro
isometric force recording. The response of IPA precontracted with PGF,q, to P2-receptor
agonists, 2-meSATP, ADPS, o,3-meATP and UTP were studied from normal and
pulmonary hypertensive pigs. The responses to 2-meSATP and ADPBS were also studied in
IPA from normal and pulmonary hypertensive children. For further details of the protocols

used please refer to sections 1 and 2 of Chapter 2.
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Table 1. Clinical details of children from whom tissue was studied.

Specimen number Details of child

Normals

3680 8 year old, donor, mild asthmatic. Accidental death.

4095 5 year old. Tuberous sclerosis, previous heart transplant. Heart failure from acute

rejection. Normal PA histology.

Pulmonary hypertensive

4039 16 years old. Primary PHN, lung removed during transplantation.

4066 15 years old. PHN secondary to complex congenital heart disease, lung removed

during heart / lung transplantation.

4087 4 month old. PHN, congenital lung dysplasia and hypoplasia.
3954 36 hours old. PHN, congenital Jung dysplasia and hypoplasia.
4139 10 days old. PHN, congenital lung dysplasia and hypoplasia.
Results.

Responses of intrapulmonary arteries from normal pigs.

The response of fetal and newborn IPA to all agonists studied was similar and therefore data
from these animals has been combined and is referred to as “newborn”. 2-meSATP produced
concentration-dependent relaxations in rings from newborn animals (Fig.1A). The sensitivity
of the IPA to 2-meSATP relaxations appeared to be greater in the older animals, but the
difference was not statistically significant (Fig.1 B,C). A small, transient contraction at
>100uM was recorded in two newborns (of 4 studied), one 3 day old control (of 4 studied),
and one adult animal (of 6 studied). The relaxation response was endothelium-independent for
all ages except at 14 days (p<0.05) (Table 2). L-NMMA had no significant effect upon the
relaxation to 2-meSATP in the adult pig IPA, younger animals were not studied (Fig.1 D).
ADPS produced a concentration-dependent relaxation in rings from newborn animals

(Fig.2 A). A small, transient contraction was evoked at >100uM in three of seven adults

studied (Fig.2 B). The sensitivity and magnitude of the relaxation response increased with
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age (Fig.2 C). The ECs, was significantly less in vessels from adults than from the

newborn (p<0.05) (Table 2). The relaxation response was endothelium-independent at all
ages.

The P2X-agonist, o,3-meATP induced a relaxation in vessels from the newborn animals and a
small transient contraction in vessels from the younger animals (Fig.3 A). In adult vessels the
same agonist produced a larger transient contraction in the pM range of agonist, followed by
a secondary relaxation (Fig.3 B). There was no significant change in the relaxation response
with age and removing the endothelium did not significantly influence the responses to
o,B-meATP (Fig.3 C).

At all ages the pyrimidine nucleotide, UTP, induced a transient contraction beginning at large
micromolar doses of UTP and followed by a secondary relaxation at >1mM (Fig.4 A,B). In
the 3 day old and adult, but not the newbomn, removing the endothelium appeared to increase
the relaxation response to UTP, but the change was not statistically significant (Fig.4 C).

To establish a rank order of agonist potency based on ECs, data (Table 2), each agonist was
used in newborn, normal 3 day old and normal adult animal (Fig.5). The rank order of potency

was then tabulated for each age group (Table 3).
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Table 2. ECs, for the relaxation response to cumulative-doses of purines and UTP in noermal porcine IPA.

2-MeSATP ADPpS o,B-meATP UTP
Age group | e+ e- e+ e- et e- et e-
Newborn | 1176+ 588 (4) 803 £ 336 (4) 2036 £ 541 (5) 8000 £ 4357 (5) >> 1000 (4) # >> 1000 (3)# 24102x10° 3) | 26£0.9x10° (3)
3dayold |339ter ) 276 £26 (4) 659 404 (4) 8431 8330 (3) >>1000 (4) >> 1000 (3)# 46113.1x10° 3) | 321 1.4x10°(3)
6 dayold | 199t115 3) 467183 (3) - - - - - .
14 day old | 489111 (4y* 20060 (3) - - - - - .
Adult 167132 (6) 563 X341 (6) 322 1252 (5) ** 193168 (5) >> 1000 (6) >> 1000 (5) 1.5+ 0.6x0% (5) 1.3 £0.7x10% (4

sem = standard error of the mean. ECsq data (uM) was derived from curves fitted on the assumption that Emax was 100% in all cases.

(n) = number of animals from which the data was derived. The ECs data for ATP and graphs are presented in Section 1 Chapter 1, Table 1 and Fig.2. * indicates a

significant difference between IPA with and without endothelium p<0.05. ** indicates significant difference from the newborn group, p<0.05.
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Table 3 : The agonist rank order of potency for inducing a relaxation response based

upon derived ECs, data of intrapulmonary arteries from normal pigs.

Group Agonist order of relaxation activity

Newbomn 2-meSATP > ADPfS > UTP >> ,3-meATP

3 day control | 2-meSATP > ADPBS > a,p-meATP >UTP

Adult control | 2-meSATP = ADPBS >> UTP >> «,-meATP

The rank order at each age would suggest that the dominant receptor group responsible for the
relaxation response was a purine-selective P2Y-receptor {1}. However, all the agonists tested

were capable of inducing a relaxation, albeit after a transient contraction in some cases.

Responses of intrapulmonary arteries from piglets with PHN.

Exposure to hypobaric hypoxia from birth for a period of 3 days did not significantly affect
the relaxation response of IPA to 2-meSATP when compared to the response seen in age-
matched control animals (Fig.6 A). But the relaxation response to ADPBS in the two animals
studied did not appear to be as great as that seen in the 3 day old age-matched normal animals
(Fig.6 B). Removing the endothelium did not significantly affect the relaxation response to
2-meSATP or ADPBS. The relaxation response to o,f-meATP , which was present in 3 of 4
normal newborns and all of the normal 3 day old animals tested, was absent in the IPA with
endothelium from 2 of 4 PPH animals (Fig.6 C). The sensitivity of the responses was
represented by ECs, values. These are given in Table 4 to describe the effect of age and

removing the endothelium and used to produce the rank orders of potency in Table 5.
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Table 4. The effect of pulmonary hypertension upon ECs, for the relaxation response to

cumulative-purine agonists in IPA with endothelium.

P2 agonist With endothelium Without endothelium
2-meSATP |398uM+118 (3@ | 753uM %436 3@
ADPBS 562uM£306 (2 | 435uM £ 181 Q) #
o,B-meATP |2828uM+2434 (3)@ | 1.95x10 uM % 1.25x10° (4)

The ECsg data is given in pM units. # indicates a standard deviation calculated. @ indicates that an ECsg was

only determined for 3 of 4 animals due to an inability to fit a representative curve.

Table 5. The rank order of agonist potency for P2-purinergic agonists in IPA from piglets
with PH.

Exposed to CHH from birth from 0-3 days | ADPBS > 2-meSATP > «,f-meATP

Normal newborn 2-meSATP > ADPBS >> a,3-meATP

Normal 3 day old 2-meSATP > ADPBS > o,B-meATP

Responses of intrapulmonary arteries from normal children

ADP{S-induced a relaxation of IPA from a 5 year old child, which was both concentration-
and endothelium-dependent and which reversed rapidly after each dose (Figs.7 A-C).

ADPS also produced a concentration-dependent relaxation of the IPA from an eight year old
child , while 2-meSATP induced a small but significant relaxation which was greater in the
presence of the endothelium (Fig.8) (Table 6). The maximal relaxation response to

ADPS was significantly greater in the IPA from the 8 year old child than in those from the

5 year old child.
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Table 6. EC s, data for the relaxation response of the IPA from an 8 year old normal child

to P2-purine receptor agonists.

PZ-agonist EC 50 EC 50

with endothelium | without endothelium

2-methylthioATP 1 mM 17 mM

ADPpS 23 uM not done

A sigmoidal curve could not be fitted to the ADPBS dose-response in the 5 year old normal child, therefore no

ECs5 for could be calculated.

Responses of intrapulmonary arteries from children with pulmonary hypertension.

A bolus addition of ADPBS (100uM) relaxed the IPA ,with endothelium, from a 36 hour old
child who had died with persistent pulmonary hypertension (Fig.9 A). ADPfS also induced a
concentration-dependent relaxation of the IPA from a 10 day old child (Fig.9 B). The bolus
of ADPfS was more effective than the full dose-response regime. The IPA with endothelium
isolated from a 4 month old child with pulmonary hypertension also relaxed to a 100uM bolus
of ADPfS (Fig.9 C). A cumulative dose-response to ADPBS produced a significant
relaxation of the IPA isolated from two 15 year old children who had died with pulmonary
hypertension (Fig.10). Removing the endothelium reduced the relaxation response found in
one of these cases. The relaxation response to ADPPS appeared to decrease as the age of the

children increased (Fig.11).

Discussion.

The present study has shown that 2-meSATP, ADPJS, o,-meATP and UTP can induce
relaxation in isolated newbom porcine IPA, irrespective of the presence or absence of the
endothelium. [The response to ATP with respect to age was discussed previously in Chapter
4]. Conventially, the receptor mediating the response to ATP has been classified as a P2Y-
receptor subtype based on the rank order of analogue agonist potency. However, the P2Y-
receptor family are distinguished from P2X-receptors by virtue of being G-protein coupled

receptors. This attribute was not investigated in the present study or in many other published
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reports. Therefore, until the receptor is cloned and can be established as a member of the
G-protein coupled receptor superfamily it is possible that the receptor could be what is
currently recognised as a P2X-receptor. It has recently been suggested that the converse may
be true, where a vasoconstrictor response (usually a P2X-receptor associated response) is
mediated by a P2Y-pyrimidine-preferring receptor, based only on the rank order of agonist
potency {259}.

The rank order of potencies for inducing vasodilatation from the present pharmacological
studies indicates the presence of a P2Y,-purine receptor in these vessels, the response to

activation of these receptors increasing with age {65,74}.

Relaxations to 2-meSATP (a P2Y, selective agonist) were present at all ages in the porcine
vessels but the sensitivity did not increase with age, in contrast to the ATP and ADPBS
responses. In the present study the observation that the 2-meSATP ECs, did not change with
age, and remained the most potent of the agonists tested, would suggest that the ligand
binding site 1s mature at birth. The difference in sensitivity with age may indicate that the
P2Y-receptor matures, developing an increased efficacy for certain agonists, with age. But
the increased responsiveness with age seems to be linked to the transduction mechanism
stimulated by the precontracting agonist, because the response to ATP did not increase in IPA
precontracted (and therefore depolarised) with KCl (see chapter 4). ATP and ADPS may
both bind to the receptor in a such a way as to stimulate mechanisms involving K*-ion flux,
which 2-meSATP does not. All three agonists induced an endothelium-independent
vasodilatation response, in the present study. The P2Y;-receptor has been isolated from
bovine endothelial cells and functional studies indicate the existence of P2Y-vasodilating
receptors on vascular endothelium, but not on smooth muscle cells {180,325,300}. However,
2-meSATP and ATP were both found to induce a relaxation response in adult rabbit main PA

and human small IPA, displaying no endothelial dependency {326,237}.

In the neonate UTP and ATP produced relaxations of the IPA with a similar ECsg, but UTP

became much less effective than ATP in the adult. The pyrimidine-preferring P2Y receptor
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has been 1solated from rat aortic smooth muscle and is also expressed in adult rat lung
tissue{81}. However, organ bath studies of adult rat mesenteric artery and adult rabbit
pulmonary artery have shown vasodilatation mediated by pyrimidine-preferring receptors with
much more potent ECs, values than those demonstrated in the present study {326,334}. This
would suggest that the UTP-induced relaxation response in the present study was not via a
pyrimidine-preferring receptor. In porcine IPA it may be that the low vasodilatation
sensitivity to UTP is reflecting the greater contractile activity of UTP than ATP, which masks
a more sensitive UTP relaxation. However, UTP-induced vasodilatation in the adult rabbit
main pulmonary artery was found to be completely endothelium-dependent in contrast to the
present study {326}. This difference may be due to species or that the vessels were isolated
from different parts of the pulmonary vasculature or it might reflect the use of different
precontracting agonists. The P2-agonists in the present study induced not only vasodilatation

but also vasoconstriction of the porcine IPA.

A clear P2Y - receptor agonist rank order was established for the relaxation response in adult
animals as the contractile response induced by P2-agonists at P2X-receptors matured. But,
the rank order was less clear in the younger animals, where the contractile responses are
largely absent and relaxations were produced by all the agonists tested to varying degrees.
The functional presence of fetal / neonatal pulmonary vasodilator P2Y-purine receptors would
indicate that ATP could help initiate a fall in pulmonary perfusion pressure after birth and
help maintain the pulmonary vasodilatation during extrauterine adaptation, without its being
metabolised to adenosine.

Despite selective activity at the contractile P2X, ,,q4 3-receptors, the o,3-meATP -induced
relaxations were similar to those observed in the present study in systemic vessels such as the
portal vein {215} and hepatic artery {53} of mature rabbits and in the pulmonary artery of the
adult rat {238}. In the portal vein it was thought that the response was "unlikely" to be a
P2Y-purine receptor stimulated relaxation {215}. Unfortunately, no mechanism for this

relaxation phenomenon has been put forward.
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There are reports of transient contractions to ADPS in aorta of the spontaneously
hypertensive rat and human urinary bladder, and they were found in the present study
{309,46}. This may be due to non-specific activity at P2X-receptor(s). o,3-meATP has
previously been reported to constrict mature pulmonary vessels at P2X-purine receptors
{77,199,238, 237, 262,291,348}. In the present study the contractile response to both
o,-meATP and UTP of porcine IPA precontracted with PGF,q , increased with age. Other
workers have found an increase in response with age using other agonists such as KCI and
phenylephrine, for the IPA in the same porcine model {241,233}. The lack of a potent
constrictor response in the neonate to P2-agonists might suggest that the contractile P2X-
receptors are not involved in maintaining the high IPA tone in utero. However, the finding
that the contractile reactiveness of the IPA to P2-agonists increases in the mature animal

might indicate their involvement in vasomotor control.

The present study showed that [PA isolated from newborn animals with PH maintain the
ability to relax to P2-purinergic receptor agonists. The vasodilatation to each P2-agonist was
not altered when compared to that in normal age-matched animals. Other workers using this
porcine model of PHN have found that endothelium-dependent relaxation to ACh is abolished
and the response to endothelium-independent agonists, such as nitric oxide is reduced {399}.
We cannot explain the slight reduction in purine-induced endothelium-independent relaxation
but a P2Y-receptor was still indicated by the vasodilating activity of ATP, 2-meSATP and
ADPJS combined with the lack of vasodilatation by the P2X-receptor agonist a,-meATP. It
1s possible that the absence of an endothelial factor in the P2Y-purine receptor mediated
relaxation may explain the resistance to CHH. The absence of a relaxation response to
o,3-meATP was not due to an increase in opposing contractile activity, because transient
contractions such as the one recorded from one IPA from a normal 3 day old animal were not
found of any of the IPA from the pulmonary hypertensive animals. UTP was not studied in
the PHN group because the potent relaxation response in the normal animals was classified as

being mediated by a purinergic P2Y-receptor, not a pyrimidine-preferring receptor.
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The present study has highlighted certain areas of similarity and contrast between the
responses of human and porcine IPA. In IPA from normal children the P2Y-purine nucleotide
agonists ADP(S and 2-meSATP induced endothelium-dependent relaxation, but the responses
were endothelium-independent in the pig. This may reflect a difference in the size, location
and histological type of vessel taken from the human lungs as compared to the pig. The
variation in endothelial-dependence in different pulmonary arterial segments and in different
species was discussed in Chapter 4. The relaxation response tended to be greater in IPA from
younger children, which was the opposite trend to that seen in the pig, but with only a few
human cases this is a very preliminary observation. The IPA from children with pulmonary
hypertension relaxed to ADPS, as did the hypertensive porcine IPA. It has been suggested
that children with pulmonary hypertension, the earlier the therapeutic intervention and less
chronic the pathology the more reversible the situation {54}. The response of the IPA from
the teenage pulmonary hypertensive children was significantly reduced when compared to the
response of a normal age-matched child. However, the greatest relaxation to a bolus of
ADPQS was seen in the IPA from a 36 hour old pulmonary hypertensive baby. The vessels in
the children who had survived with pulmonary hypertension for many years presumably
showed established pulmonary vascular disease, whilst the 36 hour old case was possibly the

most labile.

ATP has been shown to be effective in reducing the raised PAP of adult patients with chronic
obstructive pulmonary disease and pulmonary hypertension, where adenosine was ineffective
{139,140}. The drop in pulmonary resistance was thought to be due to inhibition of hypoxic
pulmonary vasoconstriction rather than increasing blood flow to other regions of the lung
{141}. This would support the use of P2Y-receptor agonists to alleviate raised PAP induced

by hypoxia.

In conclusion, the present in vitro study has shown that the vasodilating action of ATP
infusion in children with pulmonary hypertension may be mediated by a P2Y-purine receptor

on the IPA and helps justify the clinical use of ATP. There are reports of ATP being used
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successfully in the management of neonatal pulmonary hypertensive crises, without the
side-effects of more traditional treatments such as tolazoline {54,145}. The differences in
activity of the P2-agonist purine nucleotides tested in the present study (ADPBS and 2-
meSATP) suggest that the development of a purinergic drug with specific action on the
pulmonary circulation might be possible. In addition, other workers have found that some
analogues display an increased resistance to degradation and oral viability which would could
be used to produce a sustained concentration in the blood, reducing the need for continuous
intravenous infusion {183}. However, a drug with a short half life may be required,
particularly in newborn infants, as the condition of the child alters. But the difficulties
associated with attempting to apply results from immature piglets pigs to the human infant
should always be borne in mind, despite the similarities in the postnatal development of the

pulmonary circulation of these two species.
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Fig.1

87654 352 snp papav
876 5 4 Slip papav T TT
TTT T v T T

200mg
200mg
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5 minutes

30pM PGFg* 30pM PGF "
Representative traces of 2-meSATP-induced responses in IPA precontracted with 30pM PGp2(* from (A) newborn and

(B) adult porcine intact IPA. snp, sodium nitroprusside I0OpM,papav, papaverine 100pM. * indicates -log numbers.

C D.

% Relaxation (30].iM PGF2” - 100pM papaverine) % Relaxation (30pM PGP2” - 100pM papaverine)
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(C) Response to 2-meSATP (P2Y-purine receptor agonist) of porcine IPA precontracted with 30pM PGF2q"

There was no significant effect of age or the endothelium upon the relaxation response.

(newborn n=4/4 * ;3 day old n=4/4 T;adult n=6/6 m ). (D) The effect 0f 30pM L-NMMA (nitric
oxide synthase inhibitor) on the adult porcine response (n*2 O ).

Bars =sem (standard deviation where n=2).

Note: Empty symbols indicates data for IPA with the endothelium removed. The notation "1k 4/4" for example,
indicates the number of animals studied with / without endothelium. This applies to all figures in this chapter
unless stated otherwise. 129



Fig.2
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Representative traces of ADPpS-induced responses of IPA precontracted with 30pM PGF/*” from a

(A) normal newborn and (B) normal adult pig. Snp, sodium nitroprusside ; papav, papaverine 100pM.
*indicates -log numbers.

C

% Relaxation (30pIVI PGF** - 100pM papaverine)

20
ST,
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80 -
100
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-log[ADPpS]

(C) Response to ADPpS (P2Y-purine receptor agonist) of porcine IPA precontracted with 30pM PGF2q"
Responses with (solid symbols) and without (empty symbols) endothelium.

(newborn n=5 (2 fetal)/5 (2 fetal)#;3 day old n=4/3T ;adult n=7/5B ). The sensitivity to ADPpS

increased with increase in age, but removing the endothelium had no significant effect on the relaxation response.

Bars = sem.
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Fig.3

8 7 6 5 43.52 snp papav 7 6 5 4 3.52snp papav
TTVYVT T T

200mg
200mg

5 minutes

5 minutes

30pM PGF2CC 30%M PGFp,

Representative traces of a.p-meATP-inducecl responses in IPA precontracted with
30/iiM PGFg” from a (A) normal newborn and (B) normal adult pig. Snp, sodium nitroprusside

C 100pM; papav, 100pM papaverine. * indicates -log values.

% Relaxation (30/iM PGF20"- 100pM papaverine)

20 .
40

60 -

-log [a,p-MeATP]

(C) Response to a,(3-meATP (P2X-purine receptor agonist) of the porcine IPA precontracted with 30pM PGp2(™
Responses witli (solid symbols) and without (empty symbols) endothelium. There was no significant effect
of age (newborn n=4/3# ;3 day old n=5/4 T;adult n=6/5 m) or the endothelium upon the relaxation response.

However, a transient contractile response had developed by adulthood (B). Bars - sem.
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Fig.4
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Representative traces of UTP-induced responses in IPA precontracted with 30pM PGF*” from a

(A) normal newborn and (B) normal adult pig. Snp , sodium nitroprusside 100pM; papav,
papaverine 100pM. * indicates - log numbers.

C % Relaxation (30pM PGF,” - 100pM papaverine)
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(C) The response to UTP of porcine IPA precontracted with 30pM PGp2(*, with (solid symbols) and without
(empty symbols) endothelium. The EC*q for IPA without endothelium decreased from 3 days to adulthood,
(newborn n=3(1 fetal)/3 (2 fetal)# ;3 day old n=3/3T;adult n=5/4 m). By 3 days of age a transient contractile

response developed.
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% Relaxation (30[.iM PGF* - 100[uM papaverine) Fig.S

A

The relaxation responses of IPA with endothelium from normal newborn
piglets, precontracted with 30pM PGF*” to determine a rank order

of potency for :2-meSATP n=4 « ;A10PpS n=5T ;

u,(t-meATP n=4 A ,UTP n=3 m Fite rank order would support a dominant

P2Y-purinergic receptor population. Eixor bars = sem.

100
8 7 6 5 4 3 2 1
-log [agonist]
B. 0
The relaxation responses of IPA with endothelium from normal 3 day old piglets,
precontracted with 30pM PGF\M to determine the rank order of potency for :
2-meSATP n=4* ,ADPIkS n=4 T ,a,p-meATP n=5 A ;UfP n=3 m
The order would support a dominant P2Y-purinergic receptor population, even
moreso than in the newborn group,
fh ror bars = sem.
80
100
7 6 5 4 3
-log [agonist]
C.
The relaxation responses of IPA with endothelium from normal adult pigs, precontracted
with 30.iM PGp2a  determine the rank order of potency for :
20
\ \ 2-meSATP n=6 #;ADP|3S n=7 T ;a,p-meATP n=6 A ;UTP n=5m
r \ The order would support a dominant P2Y-purinergic receptor population, which is
\ best fulfilled in the adult group,
40
\ bars = sem.
60
100

5 4
-log [agonist]

Fig.5. Response of IPA from nomial newborn (A), 3 day old (B) and adult (C) pigs,
to P2-receptor agonists. 133



% Relaxation (30).iM PGF. - 100*M papaverine) Fig.6
-10

The effect of persistent pulmonary hypertension (PPH) upon 2-meSATP
20 . (P2Y-purine receptor agonist)-induced relaxation of IPA with endothelium,

precontracted with 30pM PGp2g* Vessels were isolated from piglets

exposed to CHH for a period of 3 days from birth.

(PPH n=4 m ;normal newborn n=4 ¢ ;normal 3 dayl n=4 T ).

A period of CHH did not significantly affect the relaxation response

when compared to age-matched controls. Bars = sem.

100
8 7 6 5 4 3

-log[2meSATP]

The effect of persistent pulmonary hypertension (PPH) upon ADPpS
(P2Y-purine receptor agonist) -induced relaxation of IPA with endothelium,
precontracted with 30pM PGF2”- Vessels were isolated from 2 piglets

exposed to CHH for a period of 3 days from birth,.

(PPH n=2 m ;normal newborn n=5 ¢ ;nomial 3 day n=4 V ). A period of CHH

partially reduced the relaxation response when compared to age-matched
6 5
-logrADPpS]

controls. Bars = sem (standard deviation n=2).

The effect of persistent pulmonary hypertension (PPH) upon a,p-meATP
(PX-purine receptor agonist) -induced relaxation of IPA with endothelium,
precontracted with 30pM PGp2|* Vessels were isolated from piglets
exposed to CHH for a period of 3 days from birth.

(PPH n=4 m ;newbom n=4 ¢ ;3 day normal n=5 V). A period of CHH
reduced the relaxation response when compared to age-matched controls.

Bars = sem.

6 5
-log[a,p-meATP]

Fig.6. Response of IPA from piglets exposed to CHH from birth, to P2-receptor agonists. 134



Fig.7

SNP B.
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Traces of the response to cumulative ADP(3S of IPA isolated from a 5 year old child
without pulmonary hypertension. IPA with (A) and without (B) endothelium was
precontracted with 30pM PGF2q. ADPpS induced an endothelium-dependent relaxation.

100pM SNP had a significant effect. * -log values.

% Relaxation (30pM PGp2g* - 100pM papaverine)
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(C). Dose-response to ADPpS of IPA precontracted with 30pM PGF2q\

from a 5 year old normal child. The relaxation response was
endothelium-dependent (solid symbols).

Fig.7. Response of IPA from normal 5 year old child, to cumulative additions of ADPpS.
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Fig.8

8 7 6 5 4 snp papav
TT TT T T T
200mg
with endothelium
5 minutes
30pM PGF2,,
Trace of response to cumulative ADPpS of IPA from an eight year old normal child. A potent relaxation response
was produced, which reversed after each addition of ADPpS. Snp, sodium nitroprusside 100pM ; papav,
papaverine 10OpM.
B C.
% Relaxation (30(,iM - 100pM papaverine) % Relaxation (30pM PGp2~ - 100pM papaverine)
20 - 20 3
40 - 40 -
60 - 60 -
80 - 80 J o
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-log [ADPpS] -log[2-methylthioATP]
(B) Dose-response to ADPpS in IPA with endothelium precontracted Dose-response to 2-meSATP of IPA precontracted with 30pM PGF*” from an
with 30pM PGp2” The ring was isolated Irom an 8 year old g year old child without pulmonary hypertension. Gradual decline of PGp2”*
normal child. tension accounts for a portion of the relaxation by both IPA rings. With (solid

symbols) without (empty symbols) endothelium.

Fig.8. Response of IPA from two normal children, to P2Y -receptor agonists.
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C.

ADPpS SNP Papaverine

100"M ADPpS 100pM  100pM 100pM

200mg 500mg
5 minutes
5 minutes
30pM PGF2a 30nVI PGF2,
B.

8 7 6 5 4SNP Papav

T TTTTT T
100mg

5 minutes
SONM PGF2a

Traces of the repense to ADPpS of IPA precontracted with 30p.M PGp2”, (A) from a 36 hr. old child and
(B) a 10 day old child, both with pulmonary hypertension. The bolus addition in panel A was more effective
than the cumulative series in panel B.

(C) Trace of the response to 100p.M ADPpS in IPA precontracted with 30pM PGp2”" .isolated

from a 4 month old child with pulmonary hypertension. ADPpS induced a marked transient relaxation, but
response was less than in the 36 hour old case. 100pM SNP was more effective than ADPpS.
SNP, sodium nitroprusside. * indicates - log numbers.
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Traces of the responses induced by ADPpS in IPA precontraced with 30pM PGF™
The vessels were isolated from two 15 year old children (A and B) with pulmonary
hypertension. The relaxation response was greater with (left hand traces) than

without (right hand traces) endothelium, snp, sodium nitroprusside 100pM; papav,
papaverine 100pM. * indicates -log values.

Fig.10
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Dose-responses to ADPpS of precontracted (30pM PGp2g" IPA with endothelium,

from children with pulmonary hypertension. (36 hr. old e+ ;10 days old e+ O ;

4 month old e+V ).
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Fig.11

Dose-response curves to ADPpS of IPA from two 15 year old children with pulmonary hypertension.

IPA with (solid symbols) and without (empty symbols) endothelium, precontracted v/ith
30pM PGp2g(. Note that the relaxation response was endothelium-independent in one case.
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Chapter 6. ATP and P2-nucleotide receptor agonists induced contractile responses

at resting tone in intrapulmonary arteries from normal and pulmonary hypertensive

pigs and children.

Summary.

1.Intrapulmonary arteries (IPA) from normal fetal piglets (5 days pre-term), newborn piglets
(aged <5 minutes - 3 hours), animals aged 3, 14-17 days and adults were isolated and
mounted with or without endothelium for in vitro 1sometric force recording at resting tension.
Pulmonary hypertension was produced in newborn piglets by exposing them to chronic
hypobaric hypoxia (CHH) (50.8kPa) for 3 days from birth. IPA from a 36 hour old baby with
PPHN, a pulmonary hypertensive 16 year old child and from two children, aged 4 months old,
one with and one without pulmonary hypertension were studied.

2. At resting tone IPA from normal fetal and newbomn piglets relaxed in response to
cumulative additions of ATP, in a concentration-dependent manner. By 3 days of age the
IPA studied relaxed to ATP but the response was less marked than in the newborn and was
followed by a series of transient contractions at high concentrations of ATP. By 2 weeks of
age the relaxation response to ATP was reduced but the contractile response had increased.
The response was similar to that seen in IPA from adult pigs.

3. Cumulative application of UTP at resting tone induced a relaxation in IPA from one of two
fetal pigs. In the newborn, UTP induced concentration-dependent contractions which
increased in sensitivity and magnitude up to 2 weeks of age when the response reached was
similar to that seen in adult vessels.

4.At resting tone o,f-meATP produced small transient contractions in adult IPA only.

P2X, . 3 -receptor desensitisation by pre-incubation with a,B-meATP abolished the aduit
o,B-meATP-induced contractile response but increased the UTP-induced contraction of

IPA from newborn and 2 week old piglets. Pre-incubation with a,3-meATP reduced the

relaxant response to ATP of the IPA from newborn and 2 week old piglets.
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5. Exposure to CHH abolished the high-concentration contractile response to ATP and
reduced the contractile response to UTP. After exposure to CHH o,3-meATP failed to elicit a
contractile response.

6. Removing the endothelium increased the contractile response to UTP at all ages, but the
response to ATP or a..f-meATP did not show any endothelial-dependence.

7. At resting tone, the response of IPA from a baby with PPHN to o.p-meATP and ATP was
similar to that seen in the 3 day old piglet. The contractile response to bolus additions of ATP
in the IPA of a 16 year old PH child was similar to that found in IPA of older normal pigs.
The IPA from a 4 month old normal child relaxed to ATP, while a.p-meATP had a greater
contractile effect than UTP, at resting tone. In a 4 month old child with pulmonary
hypertension by contrast, ATP contracted the IPA at resting tone. The rank order of
contractile potency was UTP > ATP >> a..p-meATP . Repeated application of a.f-meATP
caused a greater desensitisation of the a..3-meATP contraction response in the IPA from the
normal 4 month old child than in those from the pulmonary hypertensive child of the same
age. a.B-meATP increased the response to UTP in the normal, and to ATP in the IPA from
the 4 month old pulmonary hypertensive infant.

8. In summary, the change in vascular tone of the IPA inherent in the adapting from a high
fetal pulmonary resistance to the lower postnatal level revealed a tone-dependent dual-
response to ATP. As the vascular tone decreased with age the emphasis of the ATP response
altered from relaxation to a dominantly contractile response. The adult porcine IPA
possessed an o,B-meATP-sensitive P2X-purine receptor population, but the IPA from
younger animals possessed a population of contractile receptors with an affinity for
pyrimidine nucleotides, which was influenced by the presence of the endothelium. It would
seem that ATP acts at a UTP-sensitive contractile receptor but not at an o,3-meATP-sensitive
P2X-contractile receptor. The porcine and human findings were similar.

Our in vitro observations of age-related ATP responses support an in vivo role for regulating
Intrapulmonary artery tone. Neonatal pulmonary hypertension caused by chronic hypoxia was
not associated with an increase in reactivity of either the a,-meATP-sensitive P2X-purine or

the pyrimidine-receptor population.
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Introduction.

ATP can produce either relaxation or contraction depending upon the P2-receptor subtype(s)
present in the tissue and the tone of the vessel investigated. Previously in the present study,

the response to P2-agonists has been studied in precontracted IPA, from pigs during normal

development and the effect of pulmonary hypertension. Comparable experiments were also

carried out in IPA from normal and pulmonary hypertensive children (see chapters 4 and 5).

When the P2 receptors were subdivided into P2X and P2Y families, the ATP analogue
o,p-meATP was found to stimulate a contractile response and then desensitise most of the
P2X-receptors, but to have little effect on the responses mediated via the P2Y-receptor {211}.
For these reasons a,3-meATP has been used as a classification agonist / antagonist for the
purine nucleotide contractile receptor activated by ATP{65}. At raised tone vasodilatation
usually occurs through P2Y- G-protein linked receptors either on the endothelium or the
smooth muscle cells {19,236,411,245}. At low vascular tone, vasoconstriction to ATP is the
dominant response, mediated by P2X-purine receptor(s) in the adult cat {292} . P2X-
receptors mediating vasoconstriction are ligand gated ion channels located on the smooth
muscle of blood vessels and are permeable mainly to Ca*" ions {25,50,21,401}. Currently
there are six recognised P2X-receptors as well as a P2Z (P2X5) non-selective ion pore {305}.
The PX;- purine receptor mRNA has been associated with vascular smooth muscle {6}. ATP
has been found to induce a contraction of adult human and rat IPA but not adult rabbit main
PA {238, 326 }. P2X-mediated pulmonary vasoconstriction has been shown ir vivo in the
adult cat and o,B-meATP was shown to block ATP-stimulated contractions in adult human

and rat pulmonary arteries {287,291,77,238,237}.

There are many examples of UTP contracting different systemic vessels from many species
{111,397,313,405,124, 162, 229}. Pyrimidines can be released from the vascular
endothelium of rabbit thoracic aorta, and from platelets, establishing physiological sources
for the agonist {357,147}. A specific pyrimidine nucleotide contractile receptor has been

suggested following observations made in a number of reports {354,406,334, 208}. There is
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uncertainty as to whether UTP acts at a purine P2X-receptor through recognition of the
nucleotide moiety or at a receptor specifically recognising the pyrimidine moiety, because
ATP tends to be as effective as UTP in contracting vessels. Some UTP-induced contractions
are not desensitised by either ATP or a,B-meATP, which would not indicate activity at PX, ,,
3 -receptors {207,355}. UTP induced contractions may have a sustained component, while
ATP-induces transient responses suggesting different transduction pathways {400, 355,356}.
UTP contractile responses have been associated with the mobilisation of IP,-sensitive
calcium stores and activation of voltage operated calcium channels {358,375,388,207}.
However, in rabbit saphenous artery o,3-meATP has also been shown to stimulate
accumulation of phosphoinositides, indicative of IP; generation {283}. UTP contractions of
cerebral arteries have been shown to involve inhibition of K'-channels{364}. cDNA for the
P2X,-purinoceptor has been found in the adult rat lung, but neither o,3-meATP or UTP
evoked a significant response when the receptor was expressed in oocytes indicating that this

is not the receptor mediating the contractile responses in the present study {37}.

There have been few studies concerning the contractile effects of purine and pyrimidines in
the pulmonary circulation and they have not been studied previously in the pulmonary arteries
of newborn animals. Intravenous ADP was found to be much more potent than UDP in
producing a rise in normal calves and those exposed to hypobaric hypoxia {338}. ATP and
UTP have been shown to cause vasoconstriction in isolated adult rat lungs, which was not
completely inhibited by o,3-meATP {351,349}. However, the adult rabbit isolated main PA
did not contract to either UTP or ATP {326}. ATP induces a rise in pulmonary arterial
pressure in the intact cat, partially through P2X-receptors but also by metabolism to adenosine
acting at Al-receptors stimulating thromboxane synthesis, making interpretation of data more
difficult {289}.

Persistent pulmonary hypertension (PPH) of the newborn is potentially fatal condition often
caused by hypoxia {161}. PPH results in abnormal vascular remodelling of the
intrapulmonary arteries of the developing lung during the first few days of life {176,8,173,7}.

Hypertrophy of the IPA smooth muscle cells is most evident at the respiratory bronchiolar
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arteriolar level, decreasing the lumen diameter and increasing resistance to flow. This
increase in smooth muscle has been taken to indicate an increase in the contractile reactivity
of the IPA to different stimuli, such as hypoxia and other agonists {399}. But in the mature
experimental animal P2X-receptor mediated vasoconstriction has not been shown to be
responsible for the vasoconstriction seen in response to acute alveolar hypoxia in rat IPA

{262}.

In the present study, the response of IPA to cumulative doses of ATP, a,-meATP and UTP
was investigated in the [PA of normal newborn animals and compared to the responses seen in
mature vessels. P2X-receptor desensitisation by a,3-meATP of the response to ATP and
UTP was also assessed. The effect of exposing newborn piglets to chronic hypobaric
hypoxia for 3 days, during adaptation to extrauterine life, was assessed by studying the
responses to ATP, a,3-meATP and UTP in isolated IPA. The responses of IPA from one

normal and one pulmonary hypertensive child to these P2-agonists was also investigated.

Methods.

Material: intrapulmonary arteries from normal fetal piglets (5 days pre-term), newborn piglets
(aged <5 minutes - 3 hours), animals aged 3, 14-17 days and adult pigs. Pulmonary
hypertension was produced in piglets by exposure to hypobaric hypoxia (CHH) (50.8kPa)
from birth for 3 a day period. Human tissue was studied when possible (Table 1).

Methods : vessels were isolated and mounted with or without endothelium for in vitro
isometric force recording. The effect of P2-agonists were studied in IPA at resting tone and
related to potassium chloride contractions and relaxations to papaverine. For further details

of the protocols used please refer to sections 1and 3 of Chapter 2.
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Table 1. Clinical details of children from whom tissue was studied.

Specimen number Details of child
Normal
4183 4 month old. TGA/VSD, pulmonary arterial banding, switch

followed by myocardial infarct. ECMQO. Normal pulmonary arterial

pressure.

Pulmonary hypertensive

3508 16 year old. Primary PHN, lung removed during transplantation.
4087 4 month old. PHN, congenital lung dysplasia and hypoplasia.
3954 36 hours old. PHN, congenital lung dysplasia and hypoplasia.

Results.

Responses of intrapulmonary arteries from normal pigs.

The cumulative addition of ATP induced a concentration-dependent relaxation which was
independent of the endothelium and was similar in vessels from fetal and newborn animals
(Fig.1 A,B,C, Fig.2 A). By 3 days of age the response had become biphasic (Fig.1 D). A
relaxation response was first induced at concentrations less than 3mM, followed by transient
contractions as the concentration increased. Removing the endothelium did not influence
either response. The contractile response was present more consistently in 14 day old and
adult animals (Fig.1 E,F, Fig.2 B) . It became dominant with age, the relaxation response
decreasing. In response to UTP, IPA from one fetal pig which had a high resting tone relaxed
at high concentrations, whilst the IPA from a second fetal pig with a lower tone showed no
response (Fig.3 A,B). UTP-induced a high concentration-dependent contraction in newborn
porcine IPA, which was greater without the endothelium (Fig.3 C). By 3 days of age
however, a transient contraction was induced at 0.01mM, though the response was greater in

rings without endothelium (Fig.3 D). The magnitude of the response increased in IPA
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1solated from normal animals aged 14 days when the response was not significantly

different form that in the adult (Fig.3 E,F). The response was significantly greater in rings
without endothelium after 2 weeks of age (p < 0.05) (Fig.4 E,F).

Cumulative-addition of o,3-meATP induced no significant response in IPA isolated from
animals of any age, except the adults (Fig.5 A-E, Fig.6). A small contraction was induced in
adult at concentrations > 1uM and 100uM produced only a loss of developed tone. Removing
the endothelium had no significant effect on the response at any age. A 20 minute pre-
incubation with a..p-meATP, followed by a repeated dose to confirm P2X-receptor
desensitisation [ total of 2 x 100uM] was found to desensitise the contraction response in IPA
from adult pigs, with or without the endothelium (Fig.7 A). The same protocol reduced the
low concentration relaxation response to ATP in newborn and 2 week old piglet IPA and
removed the endothelium augmented the effect of o,3-meATP in the IPA from normal
newbom piglets (Fig.7 B,C). Removing the endothelium had no significant effect on the
relaxation response. In newborn IPA UTP-induced an increase in contractile response after
preincubation with o..p-meATP and removing the endothelium did not alter the effect

(Fig. 8 A). The contractile potency of UTP was also increased in the IPA from 2 week old
piglets, and was more evident in the rings with endothelium which at this age displayed
responses responses to those in rings without endothelium. However, the stability of the

UTP-induced contraction was reduced in the presence of o,-meATP (Fig. 8 B.).

Responses of intrapulmonary arteries from piglets with PHN.

IPA from only 3 of 4 CHH piglets contracted in response to ATP at high-concentrations,
compared to 4 of 4 normal age-matched 3 day old animals (Fig. 9 A). One of 4 did contract
but less than in normal IPA. Removing the endothelium from IPA taken from PH neonates
produced a significant increase in the tone developed at baseline and induced by the greatest
ATP concentration (p<0.05). Exposure to CHH from birth for 3 days had no significant
affect on the relaxation response at resting tone to low millimolar ATP of IPA, when
compared to normal age-matched animals. IPA from newborn piglets exposed to CHH

contracted to UTP, but less than in the normal age-matched animals (Fig.9 B). A period of
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CHH did not increase the reactivity to o,3-meATP (Fig.9 C). The same lack of response

was found as in normal age-matched animals.

Responses of intrapulmonary arteries from normal and PH children.

Bolus addition of o..3-meATP failed to evoke a response in IPA from a 36 hour old baby with
PPHN (Fig.10). Repeated application of a.3-meATP did not abolish subsequent responses to
ATP. Cumulative doses of ATP produced the same biphasic response seen in neonatal
piglets, composed of an initial relaxation followed by contractions at higher concentrations.
Bolus addition of ATP-induced a dose-dependent vasoconstriction of IPA from a 16 year old
pulmonary hypertensive child over the same concentration range previously found for IPA

from a mature pig, despite a maximum response not being reached (Fig.11 A).

The result from this experiment was used to decide which concentration of ATP or UTP
should be used to study human vessels. At resting tone ATP relaxed the IPA from a 4 month
old normal child, although a degree of spontaneous tone developed prior to addition of the
agonist (Fig. 11 B). a.p-meATP induced a greater contractile response than UTP 1in the
normal child. In the IPA isolated from a 4 month old child with pulmonary hypertension the
contraction response to UTP was greater than that to ATP at equal concentrations, and both
were greater than the response to a,-meATP (Fig. 11C). Repeated application of
a.p-meATP caused a desensitisation of the response to o..3-meATP, reversing this to a
vasodilator response. In the presence of a..p-meATP the relaxation response to ATP became a
contraction and the contractile response to UTP increased in the normal child. In the IPA
from the 4 month old pulmonary hypertensive child the contractile responses to both ATP

and UTP were increased in the presence of o.3-meATP.

Discussion.
ATP has been shown by other workers to vasoconstrict intrapulmonary arteries from adult
animals in vitro and in vivo, at resting tone {238,290,237,351}. However, the present study

has demonstrated that the reactivity of an intrapulmonary artery at resting tone changes with
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age, from birth until adulthood. This may reflects changes in the contractile state of the
vascular smooth muscle cells, associated with the changing environment in which they
function. The high pulmonary arterial pressure in utero and in the newborn is due to
vasoconstriction of the intrapulmonary arteries. It is not known whether the contractile
mechanism of the hypoxemic fetal intrapulmonary artery smooth muscle cells are in an
agonist stimulated active latch state or have developed in a passive “constricted”
configuration . However, the present study has shown that the relaxation response to ATP of
the IPA of the normal newborn at resting tone was similar to that of precontracted IPA from a
normal animal which has adapted to extrauterine life (Chapter 4), suggesting a component of
active tension in the blood vessel wall at birth. A fall in the pulmonary arterial pressure must
occur at birth to allow blood flow through the respiratory system, therefore our findings of a
dominant vasodilatation of the newborn and young animals were not teleologically,
surprising. In contrast, a mature pulmonary circulation has an established low arterial
pressure and resting tone which may be attributable to a vessel with "passive" smooth muscle

cells, where vasoconstriction to an agonist may be more likely to occur.

The contractile response to ATP was poor in newborn porcine IPA . The contractile response
of IPA to KCI has been shown to increase with increase in age (see Chapter 3) and therefore
the response to ATP may not only be due to the physiological requirement of the vessel
reactivity at a given stage in adaptation but also to the immaturity of smooth muscle
contractile machinery {233}. The poor contractile response to ATP of newborn IPA might
also indicate that the smooth muscle contractile system was only partially activated. The
need for a high ATP concentration to induce a contraction could reflect the low sensitivity or
number of the P2X-receptor(s) present. The contractions were transient which suggests either
receptor desensitisation or metabolism of ATP. Desensitisation seems unlikely as a full
cumulative concentration-response , although difficult, could be constructed. If ATP
metabolism was occurring by the action of ectoATPase enzymes, then a high -sensitivity
receptor may be responding to low concentrations of ATP in the vicinity of the receptor. The

relaxation response at low concentration may be mediated by adenosine following metabolism
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acting at P1-purine receptors, as postulated for the relaxation response in Chapter 4.
Adenosine has been found to mediate the relaxation response when ATP was applied to the
rabbit basilar artery at resting tone {374}. This possibility has not been investigated in the
present study but considering the rapid degradation of purines in the lung , the action of
metabolites should be acknowledged as part of the true physiological response.

The present work 1s only the second study to demonstrate that a contraction to UTP can be
more potent and induce responses of greater magnitude than ATP in a blood vessel {259}.
The contractile response to UTP was evident in the normal newborn animals, much earlier
than for significant ATP induced contractions. Vasomotor tone results from the many
mechanisms interacting with one another and the release of vasodilating factors from the
endothelium has generally been found to dampen the contractile responses to physiological
agonists. The contractile response to UTP was increased by the removing the endothelium
which has been reported for the mesenteric artery of the adult rat {334}. Removing the
endothelium had no effect on the ATP-induced response indicating a greater interaction
between UTP than ATP in regulating vascular tone. UTP was the dominant contractile
agonist compared to ATP and o,-meATP at all ages studied and the response increased with
age. This could be due the number of pyrimidine receptors increasing with age and / or the
efficacy of the receptor-coupling mechanism increasing with age. The lack of UTP-induced
relaxation in the concentration range at which ATP did induce a relaxation at resting tone,
would suggest an absence of pyrimidine sensitive receptors médiating the relaxation
responses. Therefore, any concentration of ATP applied to the IPA at any age would be
distributed between contractile and relaxant receptors reducing the effect at both. However,
UTP only acts at high affinity contractile receptor population at resting tone, producing a
greater contractile response than that achieved by the same concentration of ATP. This would
be true even if the contractile receptor in question had an equal affinity for ATP and UTP.
Only the P2X5- expressed on sensory nerve endings have been shown to respond to UTP and
this response was poor when compared to other P2-receptor agonists {83}. The P2X,
receptor has been located in the lung but UTP did not elicit a response {37}. UTP may be

acting at one of the metabotropic P2Y-receptors which have been shown to have be
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pyrimidine-preferring, such as P2Y,,.q6. The accepted dogma that contractile responses

to P2-agonists are mediated by ionotropic receptors (P2X) has recently been questioned. By
following the classification system of agonists rank order, a pyrimidine-preferring P2Y
receptor is thought to mediate the contractile response of the adult rabbit coronary artery
induced by UDP and UTP {259}. The mRNA for the P2Y has been located in the lung and
this receptor has a preference for UDP over UTP {74,81}. Having not tested UDP in the
present study it would be premature to attribute the results from the present study to a specific
subtype of pyrimidine-preferring receptor.

The transient contractile response to a..p-meATP increased with age, but was found to occur
in the micromolar rather than the low millimolar UTP and high millimolar ATP responses.
The contractile response to, and desensitisation by, o.3-meATP would indicate a P2X ,,43-
purinergic receptor subtype in the IPA of older pigs. However, the ATP and UTP contractile
responses were not blocked by a.-meATP. Other workers have recently found that the
contractile response to ATP was not inhibited by o.f-meATP in systemic vessels
{299,391,208,251}. Other investigators have shown that a..3-meATP did not inhibit UTP
induced vasoconstriction of adult rat lungs, but reduced the effect of ATP {347}. These
findings could suggest that ATP and UTP rather than ATP and a.-meATP may share a
receptor subtype. As stated above, the P2X,-receptor has been located in the lung but neither
o.p-meATP or UTP was effective in evoking a response when the receptor was subsequently

expressed in xenopus oocytes {37}.

In the present study, o..3-meATP reduced the relaxation response to low concentrations of
ATP. This may could be explained by non-specific inhibition of P2Y -receptors {56}.
Alternatively, o..3-meATP was shown to be an inihibitor of ectoATPase activity on bovine
aortic endothelial cells {86}. EctoATPase inhibition would prevent relaxation if mediated by
adenosine at P1-receptor(s) following ATP metabolism {374}. Alternatively, ectoATPase
inhibition may increase the levels of ATP and therefore shift the net response towards
contractions mediated by P2X-receptors which are stimulated by greater concentrations than

are needed to activate P2Y-receptors in the present study.
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Chronic hypobaric hypoxia produces vascular remodelling in the newborn piglet and other
species including man, contributing to a raised IPA tone. The present study has shown that
the pulmonary vasoconstriction associated with pulmonary hypertension in the newbomn piglet
was not due to an increase in contractile reactivity to ATP. Instead, the study would suggest
a dysfunction in the smooth muscle contractile response to ATP. Exposing piglets to CHH
from 14-17 days of age abolished contractions to high concentrations of ATP in
precontracted IPA (see Chapter 4 ). If the IPA remodelling associated with PPH involves an
increased activation of the “resting ” state of smooth muscle cell contractile filaments, this
may well be manifested by a reduced contractile reactivity, similar to the descending side of
the length-force curve for any blood vessel .

Alternatively, CHH may have remodelled the IPA in such a way as to produce a
“precontracted vessel *“ which would favour a relaxation response to ATP. However, in the
present study neither hypothesis would be supported because the resting tension of the IPA
after giving papaverine was lower in vessels from animals exposed to CHH than in age-
matched normal animals, in the absence of any contractile agonist. Because of the tone-
dependent nature of the responses evoked by P2-agonists, a lower tone should favour a
contractile response.

An alternative explanation would be that the smooth muscle sensitivity to ATP inducing
relaxation was upregulated to balance the vasoconstricting effect of hypoxia in vivo. An
initial upregulation of IPA vasodilatation to EDRF and activation of K'-channels can occur in
response to acute hypoxia {407}. The increase in medial smooth muscle in chronic hypoxia
does not appear to correlate with an increase in contractility, possibly because there is a
greater proportion of synthetic smooth muscle cell phenotypes present. However, remodelling
does explain the reduction in vessel compliance, which may be involved in maintaining a
greater basal tone in hypertensive adult rat arteries {156}. The finding that contraction to
ATP does not increase in the remodelled pulmonary artery, but is in fact abolished, would
agree with the theory that CHH reduces the proportion of contractile smooth muscle cells and

generally increases stiffness of the vessel wall {156}. The finding of a reduced contractility
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in the vessels from pulmonary hypertensive animals would suggest that the underlying
cause for the increased tone irn vivo is a loss of dilating ability. The present study would
suggest that an increase of IPA reactivity to agonists acting at o,,f-meATP -sensitive P2X-
receptor(s) was not mediating the increased vascular tone produced by CHH. This would
agree with work done by McCormack et a/ which demonstrated an absence of P2X-purine
receptor mediated vasoconstriction of the adult rat pulmonary circulation subjected to acute

hypoxic vasoconstriction {262}.

In the present study it was observed that the IPA from normal neonatal piglets contracted
more to UTP following removal of the endothelium. It would seem probable that UTP-
induced vasoconstriction may be increased after CHH due to the associated reduction of
EDRF {399}. Other workers have shown that CHH reduces EDRF mediated relaxation in the
pulmonary circulation, increasing the contractile reactivity of the IPA to certain agonists,
including possibly UTP {99}. However, the contractions to UTP were less than normal in the
IPA from CHH piglets and removing the endothelium from the IPA of piglets exposed to
CHH still increased the contractile response, suggesting that an interaction with released
EDRF was still occurring. In summary, increase in the contractile response to purines and
pyrimidine with age would suggest that they are not important in mediating the
vasoconstriction of the pulmonary vascular bed in utero. In addition, CHH causes a general

reduction in the capacity of the smooth muscle to contract to P2-agonists.

The findings from human IPA at resting tone indicated that the porcine IPA reactivity mimics
the human well. The reactivity of IPA from a 36 hour old baby with PPHN to o,3-meATP
and ATP were very similar to that seen in the neonatal piglet of the same age. The conduit
IPA from a teenager with pulmonary hypertension contracted in response to ATP over the
same concentration range as the porcine vessels. In addition the agonist rank order of
contractile response for human IPA was UTP > ATP > o,3-meATP, as found for the mature
pig IPA. Another similarity between the species was the ability of o,3-meATP to only

desensitise its own response, but not to ATP or UTP.
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ATP has been shown to be effective in reducing the high PAP of adult patients with chronic
obstructive pulmonary disease and pulmonary hypertension, in which adenosine was
ineffective {139,140}. Studies on the mechanism of action indicate inhibition of hypoxic
pulmonary vasoconstriction was responsible for the drop in pulmonary resistance {141}.
There are also reports of ATP being successfully used in the management of pulmonary
hypertensive crises in young children, without the side-effects of more traditional treatments
such as tolazoline {54,145}. The theoretical potential for P2-agonists to evoke a pulmonary
arterial vasoconstriction in an infant would seem to be unlikely, if low concentrations of drug
are administered in the P2Y-receptor vasodilating dose-range. The difficulties associated with
attempting to apply results from pigs during development to human infants should be always
be considered, despite the apparent similarities in the maturation of the pulmonary circulation

in the two species.
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Fig.8
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* indicates a significant difference of P2X-receptor desensitisation p<0.05 level.
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Fig.9
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Tlie effect of persistent pulmonary hypertension on the response of IPA at resting tone to cumulative doses of P2-agonists.
(A) ATP (normal 3 day old n=5/3T , PHN n=4/4H ); (B) UTP ( normal 3 day old n=4/4 T , PHN n=4/3 m );
(C) a,P-meATP (normal 3 day old n=3/3T , PHN n=3/3 m ). Error bars represent standard error of the mean (sem).
* indicates a significant difference between response of PPPfN IPA with and without endothelium at this concentration,
p<0.05
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Human intrapulmonary artery.

Fig.10
5 minutes
ATP 0.01mM 0.1 1 10 20 30 apav 10" M
100mg T T T VTV g

SOmM KCI

a,p-meATP a,p-meATP
100pM 100].iM

Trace of'the response of an IPA with endothelium, isolated from a 36 hour old baby
to a,(3-meATP and ATP at resting tone. There was no response to repeated
application of'a,(3-meATP, which did not prevent the contractile response to
cumulative additions of ATP.

Papav , papaverine.
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(A) The response of IPA with endothelium from a 15 year
old child with pulmonary hypertension, to bolus doses of
ATPat resting tone. Tlie response was dose-related but did
not reach a maximum.
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The responses of [PA with endothelium from (B) a normal 4 month old child and (C) a 4 month
old child with pulmonary hypertension, to bolus doses of ATP [IOmM], UTP [IOmM] and
repeated doses of a,P-mcATP [IOOpM] at resting tone. ATP induced relaxation rather than
contraction in the "nomial" IPA. ATP and UTP remained insensitive to inhibition by a,p-mcATP.
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Chapter 7. [*°S] deoxyATPasS and [*’S|UTPaS radioligand binding to intrapulmonary

arteries in normal and pulmonary hypertensive lungs.

Summary.

1. 10puM sections of lung tissue were prepared for radioligand binding experiments from
normal newborn piglets (aged <5 minutes - 3 hours), animals aged 3 days old and adult pigs.
Sections were also prepared from animals with pulmonary hypertension produced by
exposing newborn piglets to chronic hypobaric hypoxia (CHH) (50.8kPa) for 3 days from
birth.

2. More than 83% of [BSS]deoxyATPaS (P2Y ,-purine receptor radioligand) binding to the
intrapulmonary artery (IPA) media was inhibited by excess 2-meSATP (P2Y,-purine receptor
agonist) (100uM) in all groups studied. Greater than 71% of [35S] UTPaS (putative
pyrimidine preferring-receptor ligand) binding to the IPA media was inhibited by excess UTP
(100uM) (pyrimidine receptor agonist) in all groups studied. This indicates a high level of
specific binding for both ligands.

3. The binding for both radioligands was not uniform across the media of the IPA but was
particularly associated with the advential border, in all groups studied. The density of
specific binding for both radioligands transiently increased at 3 days of age when a high level
of binding to the inner media was seen. [3SS]deoxyATPocS binding then decreased in the
adult to the newborn level, while [358] UTPaS binding was reduced in the adult but not to the
newborn level.

4. Exposure of piglets to CHH from birth for 3 days prevented the appearance of the high
binding by [°S] dATPaS and [*>SJUTPasS to the inner media.

5. The rank order of binding inhibition by non-radioactive P2-nucleotide agonists was
assessed by densitometric quantitative analysis. The findings for porcine IPA in the present
study suggested that [353](1ATPOLS is binding to P2Y-purine receptors while [3SS]UTPOLS
binds to a P2-nucleotide-receptor binding site, on the porcine IPA smooth muscle cells in all

groups studied, normal and pulmonary hypertensive.
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6. The transient increase of binding by [3SS]dATPOLS during the period of adaptation to
extrauterine life indicates that purines may play a part in this process. Finding that binding
may be to a P2Y-purine receptor is in accord with organ chamber pharmacological studies
which demonstrate postnatal maturation of the vasodilating response to P2Y-agonists. CHH
was found to slightly reduce the P2Y-endothelium-independent relaxation in organ chamber
studies, and may be explained by a loss of receptors.

7. Lung tissue from an eight year old normal child was also studied. As found in the pig,
both [*>S]JdATPaS and [*’S]UTPaS bound to the media of the IPA. The rank order for
inhibition of [3SS]dATPOLS binding identified a potential P2X-purine receptor sensitive to
o,B-meATP, while [3SS]UTPOLS binding was associated with a non-selective P2-nucleotide

receptor, as found in the pig.

Introduction.

Currently the receptors for P2-nucleotides are separated into 2 main groups {65}. The P2Y-
receptors are members of the G-protein coupled receptor superfamily and mediate dilatation in
blood vessels. The P2X-receptors are members of the ligand-gated ion channel receptor
superfamily and mediate constriction in blood vessels. The classification of receptor subtypes
1s based mainly on the rank order potency determined for a range of P2-receptor agonists with

varying degrees of selectivity for the receptor subtypes.

Radioligands have been used by other workers to establish the presence and distribution of
purinergic receptors and to support the in vitro functional responses. Radioligand binding
studies have been carried out on tissue sections, isolated cell receptor expression systems and
purified cell membranes {95, 37, 35,413}.

Agonists which display activity in classical pharmacological studies and which may be
associated with specific P2-receptor subtypes have been used as radioligands. [3H]ATP was
originally used but was susceptible to enzymatic degradation and lacked receptor specificity
{232}. The technique has improved following the development of structural analogues

suitable for radiolabelling, with greater metabolic stability, such as [3SS]ADPBS and
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[’H]o,B-meATP {95,211}. Some of the analogues have also been found to exhibit

receptor subtype selectivity in functional studies, providing an opportunity to identify receptor
subtypes by radioligand binding studies. ADPJS has been used as a P2Y-receptor agonist and
recently, following studies involving P2Y -purine receptors expressed on oocyte cells and
binding to purified tissue membranes, [358]deoxyATP(xS has been identified as a ligand with
a high specific activity at the P2Y| -receptor on turkey erythrocytes and oocytes expressing
cloned receptors {413, 276}. 2-methylthioATP was used in the original classification of P2Y-
receptors and since been associated with P2Y,-receptor agonist in vitro. For these reasons,
excess 2-meSATP has been routinely used to inhibit ligands targeting P2Y-receptors.
o,B-meATP has been used to classify contractile P2X-purine receptors in functional
experiments, by virtue of its ability to desensitise the receptor following stimulating and its
resistance to metabolism {211,65}. [JH]a,B-meATP has been accepted as the radioligand of
choice for investigating the P2X-purine receptors in a range of vascular and non-vascular
preparations from many species {32,33,36,276,427}. [*H] a,B-meATP targets P2X | and 3 »
while [*°S] ATPyS has been used to locate P2X-purine receptors, in particular P2X, 4 {6}.
However, following poor preliminary results with [3H] o,-meATP in the present study (not
included) and a recent report that suggests binding to both P2X- and P2Y-receptors in the

adult cat lung, this ligand was not used for the present study {292}.

In the present work, pharmacological studies had shown that UTP, rather than ATP or
o,B-meATP, was the most effective constricting agonist of porcine IPA in vitro. A novel
P2X-receptor activated by UTP has been suggested to mediate vasoconstriction in the adult rat
pulmonary circulation {351}. A pyrimidine nucleotide radioligand, [3SS]UTP0LS, was
chosen to investigate binding to pyrimidine-preferring contractile receptors. [BSS]UTPOCS is
used in techniques such as DNA sequencing, however, there are no reports of it being used for

radioligand binding to tissue.
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Methods.

Material: Lung tissue sections were obtained from normal newborn piglets (aged <5 minutes
-3 hours), animals aged 3 days and adult pigs. Sections were also taken from piglets in
whom pulmonary hypertension was produced by exposure to hypobaric hypoxia (CHH)
(50.8kPa) from birth for 3 days. Lung tissue sections were studied from an 8 year old normal

child who had died following a car accident (specimen number 3680).

Methods: Briefly, the inhibition of ligand binding to IPA on lung sections by a range of
P2-agonists was determined from densitometric analysis of autoradiographic films. For

details of the radioligand binding protocols used please refer to section 5 of Chapter 2.

Results.

Specific binding was seen for both [JSS] dATPaS and [358] UTPasS to lung structures such as
parenchyma, airways and veins on sections from all animals, which was not quantified.
Binding to conduit IPA, by both ligands, was quantified because conduit IPA were isolated
for organ bath pharmacology experiments in the present study, allowing the results from both

pieces of work to be combined.

Results from studies confirming the amount of excess non-radioactive ligand to be used.
Binding of InM [358] dATPaS to IPA from normal adult pigs was inhibited in a dose-
dependent fashion by a 2-meSATP (Fig.1 A). UTP inhibited the binding by 1nM
[33S]JUTPo.S in a dose-dependent fashion to IPA from normal adult pigs (Fig.1 B).

The binding for both radioligands was distributed across the media of the IPA (Fig.2 and 3,
panel D). From these experiments 100pM was determined to be the excess required to

optimise the inhibition of binding (specific binding) recorded.
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The effect of age on radioligand binding in neonatal piglets.

The level of specific binding was then determined as the amount of binding inhibited when
InM of radioligand was co-incubated with 100uM of non-radioactive ligand in Tris buffer at
each age. There was less binding by [358] UTPasS than [3SS]dATPOLS in each age group
(Fig.4 A,B, Table 1).

Table 1 . Specific binding for InM [*°>S] dATPaS and 1nM [*°S] UTPasS at different age in

normal animals and in animals with PPH.

[>°S] dATPOLS °s]UTPOS
Groups Specific binding | % Specific Specific binding | % Specific
density binding density binding
(attomols/mmz) (attomols/mmz)
Normal newborn 13+ 6.15 (3) | 98.66+0.34 2.59+£0.05 (2) 75.86 £5.54
Normal 3 day old 23.23+14.75(3) | 96.09+£2.78 | 7.46+0.02(2) 94.46 + 1.71
Normal adult 11.32+7.64 (3) | 83.39+£6.77 |4.9+239(3) 70.95+£4.33
Exposed to 3 days 18.41£11.96 (3) | 89.51+9.5 532£5.06(2) 86.43 £9.34
of CHH from birth

Mean * standard deviation (where n=2), error of the mean (where n=3). [JSS] dATPO.S specific binding was
taken as that inhibited by excess 2-meSATP (an established P2Y-purine receptor agonist). [SSS] UTPoS

specific binding was taken as that inhibited by excess UTP (a UTP contractile receptor was under investigation) .

The distribution of binding for both [35S]dATPaS and [33S]UTPaS varied with age
(Figs.2,3). There was binding to the media at all ages but greater binding to the outer region
of the media. The binding to the outer media was greater at 3 days than in the normal
newborn and findings were similar in the 3 day old pulmonary hypertensive and adult
animals. Binding towards the inner media was present in the newborn and was obviously
greater in the normal 3 day old. Inhibition of binding ranged from 82-99% for [35S]JdATPaS
(by excess 2-meSATP) and 71-94% for [33S]JUTPaS (by excess UTP) in the normal 3 day old

and the normal adult, suggesting a high level of specific binding sites in the ages studied
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(Table 1). The density of binding increased between birth and 3 days of age for both
radioligands, although not significantly (Fig.4 A,B, Table.1). The increase in binding density
of [3S]UTPaS was associated with an increase in the % of specific binding (p< 0.01) which
was not seen for [3S]JdATPaS . The specific binding of [33S]dATPaS then declined back to
newborn levels while [335S]JUTPasS binding was reduced in the adult but remained greater than
in the newborn (Fig. 4 A,B).

The rank order for ability to inhibit radioligand binding was determined by ranking the mean
binding lost following co-incubation with the non-radioactive agonists (Fig.5 and 6). There
was some variation between animals in the same groups but a pattern of inhibition was seen.
The rank orders are given in Table 2. By applying the current receptor classification system
based on agonist potencies to the findings in Table 2, [33S]dATPaS binds to P2Y ;- purine
receptor binding site. [°S] UTPaS binds to a receptor(s) with non-selective affinity for P2-

nucleotides which makes it impossible to designate any receptor subtype.

The effect of exposure to CHH on radioligand binding

In neonatal piglets exposed to CHH for 3 days from birth, there was less specific binding by
[”S] UTPa.sS than [BSS]dATPOLS, as was found in all groups of normal animals (Fig.4 A,B,
Table 2). The binding across the IPA wall was less in animals exposed to CHH for 3 days
than in normal age-matched animals and the increased binding by both radioligands to the
inner media seen in 3 day old normal animals was not present (Fig.2,3 panel C). CHH
reduced the level of specific [358]dATPaS binding but not significantly. The rank order of
ability to inhibit binding of both radioligand was determined, indicating that [3SS]dATP0LS
bound to a P2Y - purine receptor and [358] UTPasS binds to a receptor with non-selective

affinity for P2-nucleotides as found in the normal age-matched animals (Figs.5,6 , Table 2).
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Table 2 The rank order of displacement activity by non-radioactive agonists of

[*S]dATPaS and [*°S] UTPaS binding to conduit IPA.

Group °S]dATPGS °s] UTPaS

Normal newborn TA=T=TU>AU>A>U TA=TU 2AU>U>T>A
Nommal 3 day old T =TA>TU=AU>A>U AU=TU=U 2TA 2T =A
Normal adult T >TA=AU=TU>A>>U TU=AU=T =TA > U >A
Exposed to CHH T=TA = TU>A >AU>U TA=U=TU > AU=T >A
for 3 days from birth.

T, 2-meSATP; A, O,-meATP; U, UTP; TA, 2-meSATP/a,B-meATP; TU, 2-meSATP/UTP;

AU, a,B-meATP/UTP. The order was decided by ranking the mean values of binding inhibition by each of the
agonist (s).

Radioligand binding to normal human lung sections.

Frozen sections of lung from an 8 year old normal child were radiolabelled with [3SS]dATPOLS
or [>SJUTPaS . Both ligands bound with uniform density across the media of the conduit
IPA but [*°SJUTPS binding to the media of conduit IPA was greater than that for [*>S]dATP
oS, in contrast to the porcine vessels (Fig.7). The ability of non-radioactive P2-nucleotide
agonists to inhibit the binding of [*>SJdATPaS or [*>SJUTPaS was used to classify the
possible receptor subtype associated with the binding sites (Fig. 8 A,B, Table 3). The findings
indicated that [358]dATPOLS was binding to a P2X-purine receptor, possibly similar to the

human bladder P2X-subtype , and [35 SJUTPaS was binding to a P2-nucleotide receptor.

Table 3 The rank order of inhibition activity by non-radioactive P2-receptor agonists of

[358]dATP0LS or [358]UTPOLS binding to the IPA of an 8 year old normal child.

Radioligand Rank order of binding inhibition

[S*]dATPaS |AU=A >U= TA>T=TU

[S®JUTPaS | TA=T =U> TU=A>AU

T, 2-meSATP; A, OL,B-meATP; U, UTP; TA, 2~meSATP/OL,B—meATP; TU, 2-meSATP/UTP; AU,

o,[3-meATP/UTP.
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Discussion.

[358] dATPaS and [358] UTPaS binding sites were present on the conduit intrapulmonary
artery media from normal newborn, 3 day old and adult pigs and from newborns exposed to
CHH. [**S] dATPaS was found to bind with a greater density than [*>S] UTPas in all animal
groups studied. However, binding to the endothelial layer can not be ruled out because the

use of autoradiographic film provides insufficient resolution.

The rank order of activity for agonists to inhibit the binding of was different for [3SS]dATPo¢S
and [358] UTPaS. However, for each ligand a similar rank order was found at each age in
the normal animal groups studied. The inhibition of [BSS] dATPaS by 2-meSATP was
consistently greater than by o,3-meATP in each age group, which would suggest that a P2Y -
purine receptor is present. [358] dATPasS has been reported to recognise P2Y-purine
receptors in receptor expression systems in oocytes {413}. The binding on the media would
support the P2Y - endothelium-independent IPA vasodilatation of IPA seen in the present in
vitro study, and in the small IPA from the normal adult human and the main PA from the
adult rabbit {237,326}. The ability of o,B-meATP to partially inhibit [*>S] dJATPaS binding
to a P2Y-receptor might have been predicted. «,3-meATP induced a vasodilatation, though
poor, of IPA which may have been due to activity at the P2Y-receptor. In addition,

[*H]o.,B-meATP has been found to bind P2Y-receptors on the IPA of adult cat lungs {292}.

UTP produced a relatively small inhibition of binding, which would correlate with the poor
vasodilatation response seen in the porcine IPA. The ligand would seem to be specific
because a high inhibition was seen with 2-meSATP, despite inhibition by the other P2-
agonists. However, [33S]JdATPaS has recently been found to bind with the characteristics of
only a low-potency, partial agonist to P2Y;-receptors expressed in human astrocytomas
(1321N1) and monkey kidney cells (Cos-7) {362}. In the same study it was shown that the
ligand bound as a full agonist to a P2Y,-purine receptor expressed in the 1321N1 cells.

[35S]dATPaS was also shown to involve a large number of high-affinity binding sites which
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were not a P2Y-purine receptor with multiple affinity states, bringing into question the
selectivity of this ligand {362}. The rank order of binding inhibition from the present binding
study would not suggest binding to the P2Y,-purine receptor, where UTP and ATP are

equipotent, while 2-meSATP is a much less potent agonist {305,74}.

The transient increase in [358] dATPaS binding at 3 days of age in the normal animal would
indicate a greater number of P2Y,-purine receptors. This could be part of the mechanism
underlying the increase in functional endothelium-independent relaxation to P2Y - purine
agonists reported during the neonatal period, in the present organ chamber study. It is
possible that normally an increase in the density of dilating receptors on smooth muscle cells
close to the source of agonists from the lumen, either blood or endothelium (226), increases
during the period when rapid vasodilatation must occur following birth. However, the
increase in P2Y-mediated IPA vasodilatation from 3 days of age onwards [see Chapter 5]

would not appear to be correlated with an increase in receptor number.

UTP has been found to produce a contractile response in porcine IPA both at rest or after
precontraction with PGF,q , in the present study (see chapter 5 and 6). The UTP-induced
contractions in 3 day old porcine IPA, which increased with age, but UTP-induced
endothelium-independent relaxation of precontracted porcine IPA lacked potency and did not
increase with age (see chapter 5). This would suggest that the increase in binding may reflect
the maturation of a contractile receptor population, but would not explain the increase in
contractions from 3 days of age onwards [see Chapter 6]. [3SS]UTPOLS binding was inhibited
equally well by UTP, o,B-meATP and 2-meSATP in each group, which poses a problem for
classification of the binding site.

After exposing newborn piglets to CHH, the increased binding of both ligands to the inner
media normally seen at 3 days of age did not occur . In the present pharmacological studies in
vitro ATP-induced relaxation was not affected by CHH, although P2Y-receptor induced
(ADPpS) relaxations were slightly reduced (see Chapters 4 and 5). Exposing newbomn

piglets to CHH has previously been found to abolish IPA endothelium-dependent relaxation to
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ACh, but did not affect the endothelium-independent relaxation to sodium nitroprusside
{399}. The contractile response to UTP was reduced in IPA from piglets after exposure to
CHH, and could be explained by the loss of receptor number on the inner media (see Chapter

6).

In the present study, [358] dATPaS bound to the media of IPA on lung sections taken from a
normal 8 year old child. This was unexpected when the P2Y-endothelium-dependent
vasodilatation of porcine IPA seen in the present in vitro experiments is considered (see
chapter 6). P2Y-endothelium-dependent vasodilatation has also been found for the large PA
from adult humans and the adult rat {118,152,238}. However, it would agree with the
endothelium-independent P2Y-vasodilatation in the small IPA from normal adult human PA
and the main PA from the adult rabbit {237,326}. It is still possible that the medial binding
may be obscuring an endothelial component, but this could not be resolved using the current
technique. The density for [358] dATPaS was less than for [*°SJUTPaS, the opposite to that
found from the porcine study. The rank order of binding inhibition for [BSS] dATPaS was
different from the pig because o,-meATP was the most active, not 2-meSATP, suggesting a
P2X- rather than a P2Y-purine receptor. The absence of rank order of inhibition for
[**SJUTPaS binding was as seen in the pig, and therefore supports the conclusion that this
ligand recognises a non-selective receptor site in both species.

In the present radioligand binding study, [**S]JUTPaS failed to specifically recognise any one
P2-receptor on the porcine or human IPA. In contrast, [BSS] dATPaS was successfully used to
locate P2Y-purine receptors on the media of IPA from normal and pulmonary hypertensive
pigs. It was interesting to find that the same ligand apparently bound to a P2X- receptor on

the media of IPA from a normal child.
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Binding data from co-incubating InM [ S] dATPaS in Tris (=100%), with increasing
concentrations of 2-meSATP on IPA from lung sections of 2 adult pigs. These data were
used to deteiTnine the concentration of non-radioactive ligand required to optimise
inhibition ofbinding. Error bars indicate standard deviation.
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Binding data from co-incubating InM [*S] UTPaS in Tris (=100%), with increasing
concentrations of UTP on IPA from lung sections of2 adult pigs. These data were used
to determine the concentration ofnon-radioactive ligand required to optimise

inhibition ofbinding. Error bars indicate standard deviation.

Fig.1
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Legend to Fig. 2 Facing page.

[°S] dATPaS

Frozen sections of lung containing conduit IPA were prepared from normal newborn (A), 3
day old (B), newborn exposed to CHH for 3 days (C) and normal adult (D) pigs. Consecutive
sections were stained with elastin van Geison stain, shown in the first column. Consecutive
sections were used for radioligand binding studies with [358] dATPasS, and the images on the
film were quantified by densitometry (central column of images) (see section methods 6.). To
determine the level of specific excess of a non-radioactive ligand, in this case excess
2-meSATP , was co-incubated with thelnM [358] dATPaS. The non-specific level of binding
was analysed from images illustrated in the final column.

The total binding density on the IPA increased from birth to 3 days and was always dense in
the outer media region . The normal increase in binding to the luminal region seen at 3 days
was absent following exposure to CHH . Binding was inhibited by 2-meSATP in all

groups,suggesting a P2Y -receptor site.
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Fig.2
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Legend to Fig. 3 Facing page.

[°S] UTPaS

Frozen sections of lung containing conduit IPA were prepared from normal newborn (A), 3
day old (B), newborn exposed to CHH for 3 days (C) and normal adult (D) pigs. Consecutive
Sections stained with elastin van Geison stain shown in the first column. Consecutive
sections were used for radioligand binding studies with [358] UTPasS, and the images on the
film were quantified by densitometry (central column of images) (see section methods 6.). To
determine the level of specific excess of a non-radioactive ligand, in this case excess UTP
was co-incubated with thelnM [358] UTPaS. The non-specific level of binding was analysed
from images illustrated in the final column.

The total binding density on the IPA increased from birth to 3 days and was always dense in
the outer media region. The normal increase in binding to the luminal region seen at 3 days
was absent following exposure to CHH . Binding was inhibited by all the non-radioactive

P2-ligands in all groups, suggesting a non-selective P2-nucleotide receptor.
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Fig. 3

IPA tVom normalJicvvboin pig

% »

%

IPA from normal 3 day old pig

IPA from a piglel exposed to (’III1from birth for 3 days.

I?

IPA from normal adult pig
D r -

. . . . *
Section stained will, sarrs 2Sss, DT I(K)uM IIIP

van (ieisons.

179



60 n Fig.4

@®
U 55 -
a
< 50 -
T3
f_/OT 45 -
40 -
o
cn 35 -
g
Yc 30 -
y
[e3) 25 -
c
y 20 -
¢ E
YOE
° 15 -
o % 10 -
co
5 -
0 -

newborn 3 day old 3 day CHH adult
groups studied
The effect of age and chronic hypobaric hypoxia (50.8kPa CHH) on the specific binding density

of InM [**S]dATPaS to IPA from porcine lung sections by co-incubating with 100pM
2-meSATP. The binding density increased from birth to 3 days of age and was lower in the
adult. Exposure to CHH for 3 days from birth slightly reduced the binding density when
compared to age-matched controls.

Error bars indicate standard deviations (2 animals in each group).

14 -
©

Q 12 -
3

co 10 -

scee oK< ngo
5mc§mm§
(=)}

newborn 3 day old 3 day CHH adult

groups studied

Tire effect of age and chronic hypobaric hypoxia (50.8kPa CHH) on the specific binding density

of InM [**SJUTPaSto IPA from porcine lung sections by co-incubating with 100pM UTP.
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Vertical scatteiplots describing the inhibition of [ S]|dATPaS binding by P2-agonists, to porcine conduit IPA,
from individual animals in each group, (a) Newborn, (B) normal 3 day, (C) 0-3 day CHH, (D) normal adult.

Tliere is some variation within groups but the the rank order of inhibition would indicate binding to

a purine P2Y- receptor population in the normal and the pulmonary hypertensive animals.

T, 2-meSATP; A, a,P-meATP; U, UTP.
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Veilical scatteiplots describing the inhibition of [ SjUTPaS binding by P2-agonists, to porcine conduit IPA,
of individual animals within each group. (A) Newborn, (B) Noraial 3 days , (C) 0-3 day CHH, (D) Normal adult.
There is some variation between animals but the the rank order of inhibition would indicate binding to

a non-selective P2-nucleotide receptor population in normal and pulmonary hypertensive animals.
T, 2-meSATP; A, a,P-meATP; U, UTP.
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Legend to Fig. 7 Facing page.
[°S] dATPaS and [*°S] UTPaS

Lung tissue from an 8 year old normal child. Consecutive sections were stained with elastin
van Geison stain in the first column opposite. Consecutive sections were used for separate
radioligand binding studies with either [*>S] dATPaS (A) or [*°S] UTPaS (B) , and the
images on the film were quantified by densitometry (central column of images). To
determine the type of binding site binding the radioligand, 1nM of either [358] dATPasS or
[358] UTPaS were co-incubated with excess [100uM] of non-radioactive P2-ligands and the
binding levels analysed from images in the final column.

The binding density was lower with [358] dATPasS than [358] UTPaS in contrast to the pig.
The binding for both ligands was over the media. [3SS]dATP(XS was inhibited to the greatest
extent by o,B-meATP indicating a P2X-purine receptor binding site. [BSS] UTPaS was

displaced by all non-radioactive ligands to the same high degree, indicating a P2-nucleotide

receptor binding site, as in the pig.
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Human intrapulmonary artery
Fig.8
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A. The inhibition of [358jdATPaS binding by P2-agonists, in
conduit [PA t'rom a nomial 8 year old child. The rank order of inhibition

suggests a P2X-purine receptor binding site. T, 2-meSATP;A, a,p-mcATP;
U, UTP.
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A. The inhibition of [SSSjUTPaS binding by P2-agonists, in
conduit IPA from a normal 8 year old child. The rank order of inhibition

suggests a non-selective P2-nucleotide receptor binding site. T, 2-meSATP;A, a,p-meATP;
U, UTP.
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Chapter 8. P2-nucleotide receptor agonist induced responses of intrapulmonary

veins from normal and pulmonary hypertensive pigs.

Summary.
This chapter presents preliminary study in the pulmonary venous segment (total of 16
animals and one human baby) which has yielded interesting results and indicates the need

for further investigation.

1. Conduit intrapulmonary veins (IPV) from fetal piglets (5 days pre-term), newbormn

piglets (aged <5 minutes - 3 hours), animals aged 3, 6, 14-17 days and adult pigs were isolated
and mounted with or without endothelium for in vitro 1sometric force recording. Piglets were
exposed to chronic hypobaric hypoxia (CHH 50.8kPa) at 14 days of age for 3 days. IPV were
isolated from these pulmonary hypertensive animals and mounted for in vitro isometric force
recording, at resting tone. The IPV from a 36 hour old baby with PPHN were also studied.

2. In younger piglets low concentrations of ATP induced an endothelium-independent
relaxation of IPV precontracted by PGF,q [30pM] and transient contractions followed at
higher concentrations. The relaxation response did not increase with age. However,
removing the endothelium reduced the effect in vessels from older animals.

3. At resting tone cumulative doses of ATP or UTP in produced equipotent contractions in
vessels from newborn animals which increased with age, for both agonists. In mature IPV
the rank order of contractile potency was o,-meATP >ATP = UTP. Removing the
endothelium did not significantly affect the contractile response induced by any of the
agonists at any age.

4. The contractile response to ATP, o,3-meATP and UTP was unchanged after a period of
CHH at 14 days of age when compared to responses from normal age-matched animals.

5. The contractile reactivity of the IPV at resting tone, from a baby with PPHN was similar
to that seen in the piglets.

6. In summary, the increase in contractile reactivity of IPV with age dominated any changes
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in sensitivity of the relaxation response that might be occurring . This would suggest that

a reduction in venous resistance does not play a major part in reducing pulmonary arterial
pressure in the newborn, but may act to control blood flow through the respiratory units after
adaptation to extrauterine life has occurred, and possibly in the presence of pulmonary
hypertension. As previously reported for the IPA (see Chapter 6) the contractile response was
mediated by separate o,f-meATP and pyrimidine-sensitive receptors, and also appears to be

true in the human infant.

Introduction.

Much attention has been focused on the arterial segment of the pulmonary circulation when
investigating the fall in PAP during adaptation to extrauterine life. In contrast, the venous
segment has received little attention. The established role of the arterial resistance vessels in
controlling systemic vascular tone and the passive role by veins would seem to be the basis
for this approach {372}. There appears to be a species and age variation regarding the
contribution of the different pulmonary vascular segments to total pulmonary vascular
resistance. In the adult ferret the IPV contribution has been shown to be greater than in the
adult rabbit, but in both species the contribution of IPV was less than that of the IPA and
microvessels {332,329}. It has also been shown in the rabbit, but not the ferret, that the IPV
contribution was greater in younger animals {331,329}. IPV have a greater basal tone than
the IPA, regulated by EDREF, in both the neonatal and adult sheep {379,142}. The relative
contribution of each segment of the pulmonary circulation to total pulmonary vascular
resistance may change during postnatal life. ACh- induced a greater relaxation of isolated
fetal ovine [PV than IPA, although IPV isolated from newborn lambs contracted in response
to ACh, relaxing after one week of age {220, 379}. Endothelial cyclooxygenase products
partially mediated both the IPV vasodilatation and vasoconstrictor responses. Recent work in
our group has shown that porcine IPV display a greater vasodilatation than IPA to ACh {241,

personal communication P.J.Boels 1998}.
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Little work has been carried out regarding purines in the intrapulmonary veins. ATP has
been shown to induce an endothelium-dependent relaxation of precontracted adult rat IPV,
classified as a P2Y-purine receptor mediated response due to the high activity of 2-meSATP.
In the same study, ATP was found to also induce a contractile response at low tone, acting at
P2X-purine receptors, which could be blocked by a,p-meATP {238}. Pyrimidines induced
arise in pressure in the isolated adult rat lung, which was attributed to IPA vasoconstriction

despite the technique not allowing assessment of the venous contribution to the effect {351}.

Pulmonary hypertension in the newborn infant is potentially fatal and can result from
pulmonary arterial or venous hypertension, depending on the aetiology of the disease {161}.
Congenital abnormalities affecting the left side of the heart such as mitral stenosis lead to an
increase in pulmonary arterial and venous wall thickness {52}. Thromboxane- and hypoxia-
induced pulmonary hypertension of newborn lambs involves venoconstriction {424,330}.
Pulmonary veins from adult rat and sheep have been shown to vasoconstrict more than
pulmonary arteries to hypoxic stimuli, whilst the response in the adult ferret in vivo was
shared equally between the IPA and IPV {428,371,333}. In the adult sheep a period of
hypoxia was thought to produce an increase in reactive oxygen species and a subsequent
increase in vessel reactivity in response to the release of vasoconstricting cyclooxygenase

products {371}.

In adult rat IPA, pulmonary vasconstriction induced by acute alveolar hypoxia ir vivo was
not found to be mediated by P2X -receptors {262}. But the reactivity of IPV to P2-
nucleotides has not been investigated during adaptation to extrauterine life nor has the effect
of chronic hypoxia on IPV been studied in the neonate. Therefore we investigated the
venous response to P2-nucleotides during the normal adaptation to extrauterine life in isolated
porcine IPV and examined the effect of pulmonary hypertension produced by exposing 14

day old piglets to CHH for 3 days.
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Methods.

Materials: intrapulmonary veins from normal fetal piglets (5 days pre-term), newborn piglets
(aged <5 minutes - 3 hours), animals aged 3, 6, 14-17 days and adult pigs. Pulmonary
hypertension was produced in piglets by exposure to hypobaric hypoxia (CHH) (50.8kPa)
from 14 days of age for 3 a day period. Lung tissue was obtained from a 36 hour old baby
with PHN , congenital lung dysplasia and hypoplasia (specimen number 3954).

Methods: vessels were isolated and mounted with or without endothelium for in vitro
isometric force recording. The response to P2-agonists was studied in resting vessels and
those precontracted with PGF,q from piglets during normal development and the effect of
pulmonary hypertension. For further details of the protocols used please refer to sections 1,2,

and 3 of Chapter 2.

Results.

Responses of intrapulmonary veins from normal and PH pigs.

In IPV precontracted with PGF,q [30uM], ATP induced a relaxation response at low
concentrations and at greater concentrations transient contractions followed by a relaxation
(Fig.1 A,B). There was no significant difference between the relaxation response of I[PV
isolated from the young (fetal - 6 days old) or more mature (14 days old - adult) groups
(Fig.1 C, Table 1). Removing the endothelium substantially reduced the sensitivity to ATP-

induced relaxations in the older animal group (Table 1).
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Table 1. Effect of age and removing the endothelium on the relaxation response of I[PV

precontracted with 30uM PGF,, to ATP.

Group EC5( for Contraction * sem (n) | % Contraction Emax * sem (n)
Young : with endothelium 3.5mM 1.4 (5) 100+ 0 (5)
: without endothelium 1.4mM 0.6(3) 100 £ 0 (3)
Mature : with endothelium 04mM+02 (4) 96 t4(4)
: without endothelium | 23 mM *0.5(2) 100+ 0(2)

(n) indicates the number of animals used. Standard deviation given where n=2. Young group = (fetal - 6 days

old), mature group = (14 days old - adult).

At resting tone, cumulative doses of ATP induced a series of transient contractile responses
in the IPV from normal 3 day old animals (Fig.2). The magnitude and sensitivity of the
response in the more mature group (14 days old - adult) of animals was greater than in the
younger group (3-6 days old) (Fig.2,5 A). UTP induced a contractile response in animals
as young as 3 days and the magnitude of the response increased with age (Fig.3,5 B).
o,B-meATP was not tested in the younger group of animals but it did induce a contractile
response at 14 days which increased in the adult (Fig.4). Removing the endothelium had no
s_igniﬁcant effect upon the contractile response to ATP, UTP or o,3-meATP in a normal adult
pig (Fig. 5 C, Table 2). a,p-meATP was 1000 times more potent than UTP and it evoked a
greater maximal contraction than ATP. Prior incubation with 100uM «,3-meATP blocked
the contractile response to a bolus of a,-meATP [100uM], but had no effect on ATP or UTP

induced contraction, as in the IPA (Fig.6, A,B respectively).
A period of CHH from 14 - 17 days of age had no significant effect on the ATP- or

o,B-meATP -induced vasoconstriction, but did reduce the contractile response to UTP (Fig.7

A-C).
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Table 2 : The contractile activity of P2-nucleotide receptor agonists in the IPV at resting

tone from one normal adult pig.

ECsy Emax ECsy Emax

With endothelium | Without endothelium

ATP 041mM  76.57% 0.5ImM  92.66%

UTP 237mM  114.96% 1.95SmM  143.52%

a,B-meATP |271uM 14827% | 0.724 pM 134.86%

Responses of intrapulmonary veins from a pulmonary hypertensive baby.

Cumulative doses of a,3-meATP, ATP and UTP each-induced a contractile response in IPV
with endothelium {Fig.8}. The rank order of potency was o,3-meATP >> ATP = UTP.
Preincubation with 100uM o,-meATP did not abolish the contractile responses to ATP or

UTP, but did block further contractions to o,3-meATP.

Discussion.

Several conclusion can be drawn from the limited study carried out to date using conduit
porcine intrapulmonary veins. At all ages the sensitivity to ATP for inducing relaxation of
the IPV was similar to that seen in neonatal porcine IPA (see Chapter 4). The absence of any
increase in the relaxation potency to ATP after birth would suggest that the purine activity in
these vessels is not playing a crucial part in reducing the pulmonary pressure immediately
after birth.

In the present study, the IPV vasodilatation to ATP at all ages was endothelium-independent ,
in contrast to the P2Y-mediated relaxation in adult rat IPV which was found to be totally

endothelium-dependent {238}.

The large contractile nature of IPV described in the literature was observed here, even in the

newbormn pig at which age IPA was shown to be unresponsive to ATP (Chapter 6) {220, 371,
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379, personal communication P.J.Boels 1998}. It may be that the contractile response at
birth, might mask a change in the vasodilatory response at high tone. The contractile
response was produced at high concentrations of ATP, but not as high as those required to
contract the porcine IPA. This may reflect the small biomass of IPV through which the
agonist must diffuse, increasing the efficiency of delivery. The contractions induced by ATP
in the IPV appeared to peak and then decline more rapidly than those seen with IPA
suggesting that the greater contractile response in the IPV was not caused by a lower

degradation activity, and therefore longer agonist availability.

In contrast to the IPA, ATP evoked a contractile response at low tone in the IPV of the
newborn. The present data showed that the contractile response of IPV to both ATP and UTP
increased with age and that the response to the two agonists was similar at each age. We have
not investigated the effect of o,-meATP in animals younger than 2 weeks of age or the
effect of UTP in those younger than 3 days. At low tone o,3-meATP was found to be the
most potent contractile agent (P2X, ,,43) , and the endothelium had no significant effect upon
any P2-agonist tested at any age. The contractile response to o,3-meATP was desensitised
by repeated application, indicating P2X, ,,43 involvement. Pre-incubation with a,3-meATP
did not block the response to ATP or UTP, indicating a different receptor subtype. The P2X,.
receptor has been found in the whole lung tissue of the adult rat, responding slightly to
o,3-meATP , but not to UTP and probably does not therefore correspond to the receptor
mediating UTP-induced vasoconstriction in the perfused adult rat lung{37, 351}.

Some of the findings from the present study differ from those in the only other study
regarding the reactivity of adult rat IPA and IPV to P2-agonists {238}. In the rat there was no
great difference in the contractile response of IPA and IPV to ATP or o,B-meATP which
might suggest a species difference in the vessel contractile structure. In addition, a,3-meATP
produced the greatest contractile response in both vessel type, and removing the endothelium
increased the [PV response. ATP was equipotent (micromolar) to a,p-meATP and was
sensitive to desensitisation by repeated application of a,3-meATP, indicating that a P2X | or 3

- purine receptor mediated the response for both agonists in both vessels. Other than the
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species difference, the vessels used in the rat study were main extrapulmonary vessels
which may possess different receptor populations than the intrapulmonary segments used in

the present study.

It has been reported that IPV contract vigorously to an hypoxic stimulus, in some studies to a
greater extent than the IPA {428,371,330,333}. We investigated the effect of CHH at 14 days
of age and found no significant change in contractile response to ATP, UTP or o,-meATP.
Each of these agonists was also effective in evoking a contractile response in the IPV from a
36 hour old baby with PPHN, but without data from the IPV of a normal infant a comment
regarding changes in venous reactivity cannot be made.

One could speculate that the venous segment may be involved in regulating pulmonary blood
flow in hypoxia because the pulmonary veins are not only passive capacitance vessels in the
normal lung, accounting for approximately 20% of the pulmonary pressure. Pulmonary
venoconstriction would increase the time spent by the deoxygenated blood in close proximity
to the respiratory units, so optimising the gaseous exchange process in an hypoxic
environment.

More studies of the IPV, are required to clarify their physiological role in normal adult
animals before considering their involvement in neonatal development and pulmonary

hypertension.
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Traces of the response to cumulative ATP added to intrapulmonary veins from (A) normal newborn and
(B) 14 day old, mature pig. The vessels have an intact endothelium and have been precontraeted with
30pM PGp2a The response showed little change with age.

C. % Relaxation of 30pM PGF. - 100pM papaverine
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-log [ATP]

Relaxation response of IPV precontracted with 30pM PGF**, to ciunulative doses of ATP. The response was investigated

during adaptation in fetuses-6 days old # (n-5/3) and 14 days old -adult m (n=5/2). There was no
significant effect of age upon the relaxation response . Removing the endothelium reduced the relaxation of the older age
group. Error bars represent standard error of the mean (sem), standard deviation where n=2.

Note : the notation n=4/3 for example indicates that in 4 preparations the endothelium was present
(solid symbols) and that for 3 preparations the endothelium had been removed (empty symbols). 194



Fig.2
Normal 3 day old IPV

A
without endothelium
with endothelium
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5 minutes 5 minutes

Representative traces of the ATP-induced response of (A) 3 day old normal and (B) adult porcine IPV at resting tone.
High concentration transient contractions were recorded which did not differ in IPV with and without endothelium.
Tension after IOOpM papaverine (O ). * indicates -log values; ** indicates millimolar concentrations.
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A Nonnal 3 day old IPV Fig.3
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Representative traces of the UTP-induced response of (A) 3 day old normal and (B) adult porcine IPV at resting tone.
A set of high concentr ation transient contractions which were recorded started at a lower concentration in IPV without
endothelium. Tension after IOOpM papaverine ( O ). ** indicates millimolar concentrations.
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Fig.4
Nornial adult IPV

With endothelium

1000mg
A
8 7 6 5 4 3.52
30mM KCI
5 minutes
Without endothelium
tOOOmg
A
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Representative traces ofthe a, p-meATP-induced response of an adult porcine IPV at
resting tone. The contraction response in the IPV was similar in vessels with or without
endothelium. Tension after IOOpM papaverine ( O).* indicates -log values.
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Fig.5
A. % of30mM KCI contraction - papaverine 100fiM B.
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IPV at resting tone showing a contractile response to (A) ATP and (B) UTP of IPV under resting tone, with endothelium.
A signilicant increase in magnitude and sensitivity of response occurred, between the 3-6 days ( * ) and 14 days -adult
(m ). Error bars represent the standard deviation .
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(C) The contractile response of an IPV with endothelium, to P2-receptor nucleotide agonists
from one adult animal under resting tone. a,P-meATP (¢) was 1000-fold more potent than
UTP (m ) which produced a greater maximal contraction than ATP (V¥ ). Removing the
endothelium (empty symbols and broken lines) had no significant effect on the responses.
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o . Fig.6
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(A) The contractile responses of an [PV with endothelium from one normal adult pig to a, p-me ATP ( #)
and ATP {'T ). The effect of repeated application of a,P-mcATP on the response to a,p-mcATP
itself (O ) and ATP ( V) is shown.
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(B). The contractile responses of an IPV with endothelium from one normal adult pig to a,P-mcATP
(* )and UTP ( ¥ ). The effect of repeated application of a,p-meATP on the response to a,p-mcATP

itself (O )and UTP ( V) is shown.
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Contractile response of IPVwith endothelium, from one 17 day old piglet which has been
exposed to CHH for 3 days at resting tone to cumulative doses of (A) ATP, (B) a,P-meATP
and (C) UTP. CHH has reduced themaximal effect of UTP.

Fig.7
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Human intrapulmonaiy vein
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Traces of the response of IPV with endothelium isolated from a 36 hour old child with PPHN,

to P2-agonists at resting tone. Cumulative additions of a,P-meATP produced the greatest contractile
response and blocked the response to a repeated dose after 20 minutes. a,P-meATP did not block
the equipotent contractile responses induced by cumulative doses of (A) ATP and (B) UTP.
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CHAPTER 9. DISCUSSION

Introduction.

This chapter begins with a brief critical analysis of the methodology used in the present study,
before discussing the results of the work. The maturation of the relaxant and contractile
responses induced both at rest and at raised tone, the subtype of P2-receptor responsible for
these responses assessed by functional and receptor radioligand studies, the effect of chronic
hypobaric hypoxia (CHH) and the role of the intrapulmonary veins (IPV) will be addressed.
The relation of the observations made concerning the role of purines in the neonatal
pulmonary circulation will be discussed in the context of adaptation to extrauterine life and

persistent pulmonary hypertension in the human infant.

Critical discussion of the methods used in the present study.

The effects of purines on the pulmonary arterial pressure (PAP) in vivo in animals and
humans, both immature and mature, have previously been reported {139,352,289,226}.
Purine receptors have only been characterised in isolated intrapulmonary vessels from adult
animals {238,237}. Therefore only indirect conclusions can be drawn from the literature
regarding the site and mechanism of action of purines and pyrimidine within the intact
pulmonary circulation.

In the present study, isolated intrapulmonary arteries (IPA) and intrapulmonary veins (IPV)
were studied rather than the whole isolated lung preparation or intact animal in order to try
and classify the responses in defined segments of the pulmonary vasculature.
Understanding the processes underlying the whole organ response is important when inferring
the role of purines and pyrimidines in a physiological process such as adaptation of the
newborn circulation to extrauterine life , or in a pathological condition such as pulmonary
hypertension. Both of these processes have been traditionally associated with the arterial
segment of the pulmonary circulation {159,9,399}. The study of separate vessel segments

was a logical starting point in order to understand the reactivity of the whole lung. This
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information combined with the knowledge already accumulated about the whole lung
responses to various stimuli under different conditions can help determine the possible points
of therapeutic intervention likely to have the most beneficial results.

However, there are problems associated with studying isolated vessels. First, the fact that
they are isolated may alter the reactivity of the blood vessel in such a way as not to represent
the in vivo situation. Efforts are made to recreate the in vivo environment by using pH
buffered physiological sait solutions and providing gaseous mixtures, but many interactions
cannot be readily reproduced such as those involving the humoral and neural systems, and the
signals generated by a whole animal reacting to changes in its environment.

In vivo systemic arteries are exposed to a greater pressure than pulmonary arterial pressure
(PAP) {154}. Isolated systemic vessels have been routinely studied for isometric force
measurements under a passive tension of 2-5 grams. In order to reflect the lower PAP in vivo
relative to the systemic arterial pressure, a passive tension of 1 gram was imposed on the
porcine IPA. Using the same principle a passive tension of 300mg was imposed on IPV. Itis
recognised that this process of assigning the resting tone is crude. The process may be
improved by determining the passive stretch which reflects the pressure experienced by the
vessel in vivo . These values have been reported in the literature by this and other groups
{154,372}. Therefore in the present study, by imposing the same passive tension on vessels
from all groups of animals studied, the results of the study may misrepresent the true in vivo
situation, which will change with age and in neonates with pulmonary hypertension {41}.
However, work by other members of the group has suggested that vessels from both normal
and pulmonary hypertensive newborns and normal adult pigs stretched to produce 1000mg of
passive tone places the preparations on the plateau of their length-tension curves {personal
communication P.J.Boels 1997}. By calculating back from the passive stretch required to
obtain a 1000mg tension it has been shown that 1000mgs does represent an in vivo PAP of
approximately 25mmHg. Taking these findings into consideration, it may be assumed that the
conclusions drawn from the results of the present study are valid for looking at changes in

vascular reactivity to purines and pyrimidines with age and pulmonary hypertension.



In the present study, the elastic conduit IPA and IPV were studied for two reasons. Firstly,
the larger intrapulmonary arteries and veins have both been shown to be involved in
adaptation to extrauterine life. The changes in arterial pulmonary vascular tone and
remodelling induced by exposure to hypoxia have been shown to occur in the larger vessels,
despite having been associated with the pulmonary microvasculature {9,399,349,17,394}.
Secondly , on a technical point, isolating small vessels from the neonatal lung is not a simple

task and choosing larger vessels allows accurate data to be generated more rapidly.

All vessels were exposed to a 95% O, and 5% CO, gas mixture in the organ chambers at
37°C. This gas mixture is routinely used in pharmacological laboratories for in vitro studies.
However, we are very aware that the partial pressure of oxygen in vivo may be markedly
different from that achieved in vitro, particularly for the intrapulmonary vessels. The partial
pressure is also different in fetal and postnatal life , and changes on exposure to chronic

hypobaric hypoxia.

A bolus of 30mM potassium chloride (KCIl) was added to each vessel to assess viability for in
vitro isometric force measurements. From preliminary work (not shown) the sensitivity of the
IPA to KCI1 did not alter significantly with age, therefore using 30mM KCl as a reference
contraction parameter for comparing responses between preparations was thought to be valid.
Greater concentrations (=100mM) of KCI have been used by other workers studying vessels
to produce a maximum contraction against which other agonists responses can be compared .
However, 30 or 40mM KCI has been routinely used by our group to evoke a significant and
reproducible contraction of IPA and IPV from animals of all ages, normal and pulmonary
hypertensive {241,399}. 30mM KCl has been used in systemic vessels {66}. In addition it
has been found that concentrations greater than 30mM KCI may damage endothelial cell
function in some vessels and may release neurotransmitter from nerve endings {45}. Butin
the present study, a supermaximal concentration of 125mM KCI was used in experiments with
human tissue because the first priority was to obtain a response from tissue which we

considered might not be of optimal condition.
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Repeated application of purines has been shown to desensitise the contractile response
mediated by P2X-purines receptor in vascular preparations from the systemic circulation
{66}. At the beginning of the present study, non-cumulative additions of purine agonists
were used to construct a dose-response at resting tone. However, the errors due to washout
artefacts and fatigue of the preparation made this approach inappropriate. Fortunately,
transient contractions in the conduit pulmonary vessels were slow to decline compared to
those in some systemic vessels, thus cumulative curves could be constructed as previously
reported for adult rat and human pulmonary vessels {238,237}. Desensitisation was not a
problem in this preparation because only one response curve was produced from each
preparation. Bolus additions of agonist were used in experiments with human tissue, again to

maximise the likelihood of seeing a response in tissue of uncertain quality.

P2Y -receptor antagonists such as suramin, PPADS, reactive blue, were not used in the present
study, although this might be considered theoretically advisable . Firstly, the priniciple aim of
the study was to determine the reactivity to P2-receptor agonists of the pulmonary vessels
which allowed classification by rank order of potency. Secondly, P2-receptor antagonists are
still repeatedly found to have non-specific properties which render conclusions from their use
difficult {56} and lastly, the scarcity of tissue would not allow for "screening" of possible

candidate antagonists.

Radioligand binding was done to investigate the distribution of receptor mediating the
vasodilator reponses recorded in the organ chambers, and the apparent endothelial-
independence of the responses. From the literature regarding radioligand binding studies, it
seemed sensible to use an analogue of the physiological agent. In addition, an agent which
had increased stability to hydrolysis during the incubation period would be advantageous. To
investigate the relaxation receptor [3S]ADPBS was considered following the satisfactory
outcome of in vitro studies, but was suggested to also bind at a P2Y-receptor with

pyrimidine-affinity {personal communication from Barnard group}. [33S]deoxyATPaS was
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chosen after work published by Webb er al showing that the ligand bound to the P2Y -
purine receptor expressed in xenpous oocytes and turkey erythrocytes {413,276}. The
specificity of this ligand has recently been brought into question by a report of [33S]deoxyATP
oS binding to high affinity, non-P2Y receptor binding sites on 1321N1 and Cos-7 cell
membranes{362}. In the present study non-radioactive [33S]deoxyATPaS was not used to
inhibit radiobinding, but instead we used agents which encompassed the P2X-, Y- and
pyrimidine preferring- receptor subtypes and which had also been used in organ chamber
studies. These were used separately and in combination to identify any cross-reactivity of
receptor-populations. |

[35S]JUTPaS was used to investigate the receptors mediating the potent UTP-induced
contractions. It was hoped that the chemical derivative would have increased stability
compared to UTP, which has been found for the equivalent ATP derivative.
[*H]o,B-methyleneATP was not used in the radioligand binding study because both
o,3-methyleneATP and 2-meSATP had been reported to inhibit binding to IPA in lung

sections of adult cat and human , indicating a lack of radioligand specificity {34,292}.
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Discussion of results from the present study.

Introduction.

In this section the conclusions which have been reached from the each part of the study will
be discussed and related to each other, to assimilate all the in vitro data and apply it to an in
vivo environment. The role of purines in normal adaptation of the porcine lung to
extrauterine life and in pulmonary hypertension of the newbomn pig is discussed. The
relevance of the findings in the porcine model to the human infant and the possible clinical

implications will be addressed.

Summary of the results from the pharmacological study.

The present study has shown that ATP will dilate both IPA and IPV at increased tone and
IPA at low tone in newborn porcine vessels. The relaxation of both types of vessel was
endothelium-independent and was shown to be mediated via a P2Y,-purine receptor in the
IPA at raised tone, by rank order of P2-agonist potency. The relaxation of the IPA increased
with age, but this was not seen in the IPV. The relaxation was not mediated by
cyclooxygenase products in the newborn IPA. The number of P2Y-purine receptors increased
during the first 3 days of life as indicated by the increased [33S]deoxyATPaS binding.
Therefore an increase receptor number could account for the increase in relaxation after birth,
but not that seen after 3 days of age. The increased IPA response with age may be linked to
the maturation of a hyperpolarising K*-channel mechanism. UTP was a poor dilator at high
tone in the mature IPA, which does not support the concept of there being of a pyrimidine-

preferring receptor, such as P2Y, 4 -receptor.

UTP was found to be the dominant contractile agonist in the IPA at resting or raised tone. The
contractile response to both ATP and UTP gradually increased with age. If it is assumed that
[BSS]UTPOLS bound to a contractile pyrimidine-preferring receptor, the increase in binding

seen with age may account for the increase in UTP-induced contraction with age. Only the
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UTP-induced contractile response was inhibited by EDRFs in the IPA, suggesting that

UTP has a greater involvement in physiological regulation of IPA tone than ATP. The
o,B-meATP contractile response was poor and only significant in the adult IPA, indicating the
presence of an ineffective P2X ,, 3-purine receptor.

However, the contractile response of IPV to each P2-agonist was much greater than that of
the IPA. This would agree with the general observation that IPV contract more than IPA.

The IPV contractile responses to a,3-meATP were produced in the same micromolar range as
found for the IPA, indicating that the same P2X ,, 3-purine receptors may be responsible.

The increased response could be due either to a greater receptor number in the IPV than IPA,
or the receptors of the IPV have a greater efficacy. The contractile response to both ATP and
UTP did not appear to be mediated by P2X |, 3-purine receptors in either the IPA or the IPV.
It would appear that ATP and UTP operate at a different receptor to a,-meATP, based on the
lack of desensitisation by o,3-meATP and the different concentration ranges of activity in

both IPA and IPV.

After exposure to chronic hypobaric hypoxia, the rank order of relaxation response to P2-
agonists for porcine IPA was the same as that in the normal animals indicating a P2Y,-
mediated response. The endothelium-independent nature of the P2Y,_vasodilatation in the
normal pig may confer some resistance to damage by CHH. The contractile response to ATP
and UTP was reduced in IPA from newborn animals exposed to CHH. The reduction in
density of [BSS] UTPasS binding to the inner media could account for the decrease in ATP-
and UTP-induced contractions, if both agonists act at the same receptor. The contractile
response to ATP, o,3-meATP and UTP was not significantly altered in IPV from animals

exposed to CHH at 14 days of age for 3 days.

In IPA from children, both normal and pulmonary hypertensive, a P2Y-mediated
endothelium-dependent vasodilatation response was found. The exception to this general
finding was the endothelium-independent relaxation to ATP of one normal child. This could

indicate metabolism of ATP to adenosine acting on the smooth muscle, while the more
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resistant ATP-analogues act at endothelial P2Y-receptors. The relaxation response
appeared to be greater in younger children, whether they were normal or pulmonary
hypertensive. This may be due to the greater reactivity of immature human pulmonary
vessels. In addition, the responses may be greater in children who have been pulmonary
hypertensive for a shorter period of time, when the structural remodelling may not be so
severe and the vessels can still react normally. The IPA at resting tone from a baby with
PPHN displayed the same lack of response to a.,3-meATP and biphasic response to ATP as
was seen in the neonatal piglets.

Contractile responses were seen with ATP, UTP and «,3-meATP in the IPA from a normal
and a pulmonary hypertensive 4 month old child. ATP and UTP appear to operate at a
different receptor than o,3-meATP the rationale being the same as for that presented for the
porcine IPA.

A rank order of a,-meATP >> ATP = UTP was demonstrated in the I[PV of a baby with
PPHN at resting tone. A further similarity with the porcine IPV fndings was that the repeated

application of o,3-meATP did not abolish the responses to either ATP or UTP.

Application of the findings to normal adaptation to extrauterine life in porcine pulmonary
vessels.

The findings from the present study suggest that ATP could induce a vasodilatation of IPA
and IPV under high tone by an endothelium-independent mechanism in the fetal and newborn
animal. It did not appear that ATP induced vasodilatation was triggered by birth because the
fetal and newborn IPA and IPV responded in a similar way. The trigger is more likely to be
an increase in oxygen tension at birth accompanied by mechanical stretch of the vasculature.
The PAP falls over the first few days of life as the NO pathway and probably other pathways
mature. The present in vitro data indicate that ATP could take part in relaxing IPA even at
the low, resting tone found in the normally adapted neonate. The absence of an increasing
postnatal relaxation response to ATP of the IPV would indicate that changes in IPV reactivity
to purines does not play a part in the postnatal adaptation to extrauterine life. The importance

of the part played by purines during this time period may be indicated by the parallel increase
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in P2Y-purine receptor binding sites on the inner media of the IPA at 3 days and that
plasma levels of ATP have been shown to increase during birth in lambs {226}. The
dominant vasodilatation response mediated by P2Y-purine receptors may indicate that ATP
acts to oppose the maturing constrictive capability of the IPA to maintain a low PAP. This
may be linked to the gradual shift from a predominantly synthetic to a contractile phenotype
of the IPA smooth muscle cells which occurs for many weeks after birth {8,241,233}. The
contractile response to ATP and UTP was found to be relatively poor in the normal newborn
when compared to the adult animal response. This would suggest that P2-contractile
receptors are not involved in maintaining a high fetal PAP. The maturation pattern of the
contractile response would suggest a role for ATP and UTP acting via P2-receptor types, in
regulating the IPA tone in mature animals. The contractile reactivity of the IPV could be
analogous to the systemic arteriole, regulating blood flow of leaving the repiratory units.
The in vitro findings would support the view that ATP may be involved in the normal
postnatal fall of PAP which appears to occur, as has always been thought, in the arterial

segment of the pulmonary circulation.

Application of the present findings to chronic hypoxia-induced pulmonary hypertension of
the newborn pig.

The arterial segment of the pulmonary circulation is the site of the structural remodelling by
chronic hypoxia which leads to a sustained increase in PAP {172,9}. The in vitro findings in
the present study have demonstrated that ATP can dilate IPA from animals exposed to CHH.
The response was mediated via a P2Y-receptor through an endothelium-independent
mechanism . The response was slightly reduced compared with that in the normal animal.
This would appear to be due to a reduced P2Y-purine receptor density on the inner media of
the IPA. As the contractile responses to both ATP and UTP were reduced in the IPA
following chronic hypoxic exposure, the resultant reactivity shifted towards vasodilatation,
suggesting that the vasoconstriction underlying CHH-induced PH is not due to an augmented
P2-receptor contractile response. The decrease in contractile response may attributed to a

reduction in receptor number if [3SS]UTPOLS binds to a contractile receptor. Alternatively,
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CHH-induced -remodelling may have raised the intrinsic tone in the IPA, creating a vessel
with a similar configuration as a vessel precontracted with PGF,q. The theory of a tone-
dependent dual response to P2-agonists would therefore be predicted in this instance to lead to

an increase in relaxation.

The venous, rather than the arterial, segment of the pulmonary circulation is better pbsitioned
for monitoring the oxygen levels in the blood stream as it carries blood leaving the respiratory
units. The strong hypoxic acute venoconstriction consistently reported in the literature would
reduce the rate of blood flow from the site of gaseous exchange and thus optimise the oxygen
saturation of the blood {428,371,330,333}. However, at the same time a back pressure would
be exerted on the arterial segment which would induce structural vascular remodelling and
smooth muscle hypertrophy that is characteristic of the chronic hypoxic disease state. It
might be predicted from the literature that CHH-induced PH would not have an effect on the
venous segment of the pulmonary circulation, due to the buffering effect of the preceding
microvessels. This would be compatible with the findings in the present study, where no
change in reactivity was seen in IPV from PH neonatal piglets, suggesting that in this respect

they function in a similar manner in acute and chronic hypoxia.

Clinical relevance of the present findings and possible implications.

In the present study ATP dilated the isolated IPA from neonatal and adult pigs by an
endothelium-independent mechanism, via P2Y-purine receptors. The relaxation response of
IPA was largely resistant to the effects of CHH in pulmonary hypertensive animals. In the
present study it is postulated that this may be due to an absence of EDRF involvement,
because the response to EDRF has been shown to be reduced in the human pulmonary
hypertensive patient {399, 119}. The observation that the P2Y-mediated relaxation in IPA
isolated from human infants was endothelium-dependent raises the possibility that the
response may also be lost in the pulmonary hypertensive child. However, this was not so.
The P2Y-mediated response appeared to operate in IPA from children with pulmonary

hypertensive with different aetiologies. However, in some of these children the ACh-induced
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endothelium-dependent relaxation was not abolished either. In one normal child the
vasodilatation to ATP itself was endothelium-independent, which may indicate metabolism to
adenosine. Finding that both endothelium-dependent and -independent P2Y-relaxation
responses are resistant to CHH, suggest that the resistance to CHH lies not in the type of cell
on which the P2Y-receptor resides but in the pulmonary IPA receptor itself. The current
therapies of nitric oxide inhalation and prostacyclin are found wanting in some instances of

neonatal pulmonary hypertension and a P2Y-agonist might be more successful.

ATP-infusions have been used in humans with various cardiovascular abnormalities {145,22,
164,109,92,23}, with no ill effect. The concentration of ATP required to induce a fall in PAP
has also been shown to be safe in experimental in vivo human studies {139,140,141,344,284}.
ATP has not been reported to produced any of the unwanted side-effects associated with
another vasodilator tolazoline, such as nausea and tachycardia, which reduce clinical use in
infants {54}. Also, a large concentration difference between the ATP-induced pulmonary and
-systemic hypotensive effects exists in both animal and human studies. The few reports
documenting the ability for ATP to reduce the raised pulmonary arterial pressure in infants
experiencing a pulmonary hypertensive crises and adults during bypass operations in
combination with the present study will hopefully be the starting point for a move for more
common clinical use {54,254}. In contrast to vasodilators such as sodium nitroprusside, the
effects of ATP have been demonstrated to be rapidly reversed {136,167}. Given acutely,
ATP would be a suitable vasodilator drug for assessing the pulmonary reactivity of patients
awaiting intracardiac surgery during cardiac catherterisation. For longer term treatment, the
aim must be to halt or reverse pulmonary vasoconstriction and structural remodelling and a
P2Y-purine agonist with a longer active life in the circulation may have more therapeutic

potential, such as ADP{S.
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Future experimental work indicated by the present studies.

The present study could be extended :

(a) To further compare interspecies differences between the pig and human pulmonary
vasculature. The availablity of normal and diseased human tissue will be a rate limiting

factor.

(b) It will be advantageous to investigate porcine and human systemic vessels in order to
determine the effect of various P2-agonists of interest in the different vascular beds. Such
work could be extended extended to in vivo porcine studies to determine the pulmonary
selectivity of P2-agonists and the ability of stable analogues to reverse pulmonary
hypertension, whilst at the same time being slowly metabolised. This could be essential
before clinical use of P2Y-receptor analogues could be contemplated as an alternative to labile
ATP as an infusion. ADPS retains activity (transient P2Y-mediated insulin secretion

response) after oral administration in animals which would be an advantage clinically {183}.

(c) The radioligand binding studies should be extended to include lung tissue from more
children, normal and with pulmonary hypertensive . It would be advantageous to develop the
use of tissue sections dipped in photographic emulsion (dipped slides) to allow greater
qualitative analysis. The distribution of ligand binding in other lung structures will shortly be
analysed, in the airways and veins, to obtain a more complete profile of the binding sites

recognised by the radioligands chosen in the present study of lung development.

(d) To further investigate the transduction pathways for both relaxation and contraction of
intrapulmonary arteries with development and exposure to chronic hypobaric hypoxia.
Precontracting IPA with potassium chloride removed the increase with age of ATP-induced
relaxation seen with PGF,q precontraction, suggesting the involvement of K'-channels in the
maturation of the relaxation response. The dependence of the relaxation response to the

precontractile agonist may be one avenue of investigation.



(e) The response to electrical nerve stimulation at raised tone should be investigated with
respect to purines acting at P2Y receptors on the smooth muscle. Purine nucleotides are

released from nerve terminals in the mature pulmonary artery {112,373}.

(f) ATP and UTP are potent mitogens of vascular smooth muscle {126,337,194,252}. They
are also released from the perivascular sympathetic nerves of the intrapulmonary artery, but
there are few reports of post-junctional purinergic activity in this type of vessel. Neonatal
pulmonary hypertension has been found to involve vascular remodelling including smooth

muscle proliferation, and accelerated sympathetic innervation {172,10}.

Final statement

The aim of the present study was to investigate whether the in vitro responses mediated by
P2-nucleotide receptors were relevant to the adaptation of the fetal pulmonary circulation to
an extrauterine environment. The pathological role of these receptor in pulmonary

hypertension of the newborn was also to be assessed.

In the present study, it has been shown that the arterial-segment of the porcine and human
pulmonary circulation favours vasodilatation rather than vasoconstriction, through a P2Y-
purinoceptor. The relaxation response was endothelium-independent in the porcine IPA
P2Y-receptors which were identified on the smooth muscle by radioligand binding . The
relaxation response was resistant to PHN in both species, despite the endothelium-dependence
of the P2Y-relaxation response in human IPA.

The findings indicate that the porcine IPV do not play a part in the fall of PAP at birth, but
could be involved in the pulmonary blood flow under normal and hypoxic conditions.

A population of contractile high affinity a,p-methylene ATP-sensitive P2X;- or 3- receptors is
present on the porcine IPA , IPV and the human IPA. However, the greatest contractile

effects in the IPA of both species were induced by UTP and ATP at a greater concentration
214



range, probably through a different receptor. From current nomenclature a pyrimidine
preferring P2Y-receptor, such as the P2Y,, is mediating the UTP-induced contractions
{259}. Thus, in vitro findings from the present study would support previous in vivo reports
of purines, that infusion of a P2Y-agonist will tend to cause vasodilatation of a high pressure
pulmonary circulation such as that found at birth or in persistent pulmonary hypertension of

the neonate.

As ATP infusions are already used for management of various clinical conditions in the USA,
Russia and Japan, including successful treatment of neonatal pulmonary hypertension, in light

of the present study it may be time to investigate the use of P2Y-agonists in hospitals in the

UK.
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