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ACh, acetylcholine

ANP, atrial natriuretic peptide

AP-1, activator protein-1

BH«, tetrahydrobiopterin

BPD, broncopulmonary displasia.

cAMP, cyclic adenosine-3', S'-monophosphate

cfti, colonies forming units

cGK, cGMP-dependent kinase

cGMP, cyclic guanosine-3', 5'-monophosphate

CI, confidence interval

CLD, chronic lung disease

CO, carbon monoxide

COX, cyclooxygenase

DA, ductus arteriosus

ECE, endothelin converting enzyme

ECMO, extracorporeal membrane oxygenation

EDNO, endothelium-derived nitric oxide

EDRF, endothelium-derived relaxing factor

eNOS, endothelial nitric oxide synthase

ET, endothelin

GBS, group B Streptococcus

GTP, guanosine-5'-triphosphate
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HFOV, high-frequency oscillatory ventilation

HIF, hypoxia inducible factor

HO, heme oxygenase

HPV, hypoxic pulmonary vasoconstriction

iNOS, inducible nitric oxide synthase

IL-1, interleukin-1

EP3, inositol 1,4,5-triphosphate

L-NAME, N°-Nitro-L-arginine methyl ester (NOS inhibitor)

LPS, lipopolysaccharide

MgSO«, magnesium sulfate

NA, noradrenaline

nNOS, neuronal nitric oxide synthase

NO, nitric oxide

NOj, nitrogen dioxide

NOS, nitric oxide synthase

ODQ, lH-[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one (sGC inhibitor)

OI, oxygenation index

ONOO, peroxynitrite

PAF, platelet-activating factor

PAP, pulmonary artery pressure

PDE, phosphodiesterase

PG prostaglandin

PGHS, prostaglandin endoperoxide H synthase



PGI2, prostacyclin

PPHN, persistent pulmonary hypertension of the newborn

PVR, pulmonary vascular resistance

SAP, systemic arterial pressure

sGC, soluble guanylate cyclase

SNP, sodium nitroprusside

SOD, Superoxide dismutase

SVR, systemic vascular resistance

TNF, tumor necrosis factor

TX, thromboxane

U46619, 9,ll-dideoxy-lla,9a-epoxymethano-prostaglandin F^ (TXAj analog)

VEGF, vascular endothelial growth factor

VSM, vascular smooth muscle

[X]i, X intracellular concentration

[X]o, X extracellular concentration
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Chapter I. General introduction

I.I Persistent pulmonary hypertension of the newborn (PPHN): failure of lung circulation

to undergo postnatal adaptation.

During prenatal life the lungs do not participate in gas exchange and the fetus is

dependent on the placenta to supply oxygen and nutrients. At this stage, the lungs receive a

small proportion of venous return, to ensure pulmonary growth and development, and the rest

is diverted through the foramen ovale and the ductus arteriosus to the systemic circulation.

Thus, the fetal pulmonary circulation exists as a high-resistance, low-flow circuit accepting

less than 10% of the combined ventricular output (Rudolph & Heymann 1968;Fineman et al.,

1991; Walker, 1993; Ziegler et al., 1995a; Abman 1999; Heymann, 1999). At birth, when the

lung assumes the respiratory function, the pulmonary circulation undergoes a striking transition

characterized by a fall in pulmonary vascular resistance (PVR), as blood flow rapidly increases 8-

to 10-fold, followed by a more gradual decline in pulmonary arterial pressure (Cassin et al.,

1964; Walker, 1993; Ziegler et al., 1995a; Abman 1999; Lakshminrusimha & Steinhorn, 1999).

Therefore, successful adaptation of the newborn to postnatal conditions requires a dramatic

transition of the pulmonary circulation from a high resistance state in utero to a low-resistance

state within minutes after birth.

Several mechanisms contribute to the normal fall in PVR at birth, including the

establishment of a gas-liquid interface in the lung, increased oxygen tension, rhythmic

distension of the lung and shear stress (Cassin et al., 1964; Dawes & Mott, 1962; Enhorning et

al., 1966; Blanco et al., 1984; Tiktinsky & Morin, 1993; Cornfield et al., 1992; Abman, 1999).

These physical stimuli act, at least partially, through the production of vasoactive products,

especially the release of potent vasodilator substances, such as nitric oxide (NO) and

prostacyclin (PGI, XZiegleret al., 1995a; Abman 1999; Heymann, 1999).



PHYSICAL FACTORS

Drainage of fetal lung liquid

Establishment of an air-liquid interface

Rhythmic distension

Increased POj

Shear stress

Cessation of umbilical flow

VASOACnVE MEDUTORS

Eicosanoids

Nitric Oxide

Endothclins

Others

CARDIOVASCULAR CHANGES

Changes in pulmonary circulation

Closure of the ductus venosus

Closure of the foramen ovale

Closure of the ductus arteriosus

Changes in systemic circulation

7. Factory //ivo/vcd j'/i /Ac franri/iYvi tefween a/w/ f/ie circuto/on

Failure of the pulmonary circulation to undergo a normal transition results in persistent

pulmonary hypertension of the newborn (PPHN), a clinical syndrome of various neonatal

cardiopulmonary disorders which are characterized by sustained elevation of PVR after birth,

leading to right-to-left shunting of blood across the ductus arteriosus or foramen ovale and severe

hypoxemia (Levin et al., 1976). PPHN is a pathophysiological phenomenon occurring in a

heterogeneous group of diseases with a wide diversity of etiologies (Table 1). These range

from transient reversible pulmonary hypertension attributable to perinatal insults to irreversible

fixed structural malformations of the lung (Kinsella & Abman, 1995). Diseases associated with

the syndrome of PPHN can be classified in three categories (Abman, 1999): 1) Maladaptation,

in which vessels are presumably of normal structure but have abnormal vasoreactivity; 2)

Excessive muscularization, in which smooth muscle cell thickness is increased and muscle

extends distally to vessels that usually are nonmuscular; and 3) Underdevelopment, in which

lung hypoplasia is associated with decreased number of pulmonary arteries. These categories

are not watertight compartments and, in fact, the inability to effectively lower PVR during the
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first moments of life in a 'maladaptative' disorder may rapidly cause aggressive hypertensive

changes, leading to fixed pulmonary hypertension due to smooth muscle cell proliferation and

remodeling (Roberts et al., 1997a). Altered vascular reactivity and structural remodeling

appear to represent a continuum, in which, vasoconstriction induces hypertensive structural

changes that farther alters vascular responsiveness (Roberts et al., 1997a). Either as a primary

condition or secondary to other pulmonary or extra-pulmonary diseases, PPHN is an important

cause of cardiorespiratory failure and responsible for a relevant percentage of morbidity in the

neonatal intensive care units (Davidson et al., 1999).

Current therapies for PPHN are aimed at lowering pulmonary vascular resistance with

the use of hyperoxia, hypocarbic or metabolic alkalosis and theoretical selective vasodilators;

increasing pulmonary compliance with surfactant; using lung recruitment strategies such as

high frequency ventilation; and optimizing systemic tension with inotropes and volume

expanders (Kennaugh et al., 1997; Goldman et at., 1996; Mok et al., 1999; Kinsella &

Abman, 1999). Current therapies are often limited by adverse effects or incomplete

responsiveness (Roberts et al., 1997a). Patients who fail conventional therapy often require

treatment with extracorporeal membrane oxygenation (ECMO). Although ECMO has

improved survival in refractory PPHN, it remains labor-intensive, is costly, has multiple side

effects, and may be associated with long-term neurological sequelae (Kennaugh et al., 1997;

Roberts et al., 1997a). Safer, more effective therapies for PPHN will be possible only when

they can be directed toward the specific defects producing this condition. In this sense, the

remarkable basic scientific discovery that the simple gas molecule NO was endogenously

released by endothelial cells, producing paracrine vasodilatory effects in the adjacent vascular

smooth muscle, enormously boosted the search for a specific treatment for PPHN.

Administered by inhalation, characterized by a short half-life and the absence of measurable

systemic effects, the use of inhaled NO as an adjunct to conventional PPHN therapy is,

presently, widespread (Davidson et al., 1999; Kinsella, 1999; Mok et al., 1999).
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i. Factors associate/ w/rA PPfflV (moa7/ied./rom Äotem er a/., 7997a)

Pulmonary
Meconium aspiration
Amniotic fluid aspiration
Blood aspiration
Hyaline membrane disease
Surfactant deficiency
Transient tachypnea
Diaphragmatic hernia
Cystic adenomatoid malformation
Pulmonary hypoplasia
Pneumonia
Thromboemboli
Peripheral pulmonary vascular
occlusion

Alveolar capillary dysplasia
Pulmonary hemorrhage
Phrenic nerve agenesis

Sepsis
Group B Srreprococct«

Lwferia

Others

Metabolic
Hypoglycemia
Hypocalcemia
Acidosis
Hypoxia

Hematological
Polycythemia
Thrombocytopenia
Thrombotic endocarditis
Acute hemorrhage

Gastrointestinal
Omphalocele
Gut perforation
Gastroschisis

Intrauterine insults
Chronic hypoxia
Postmaturity
Premature ductal closure
Maternal hypoxia, hemorrhage, hypotension

Drug-induced
Aspirin
Indomethacin
Naproxen
Hydantoin
Parenteral lipids
Amitriptyline
Lithium
Terbutaline
Tobacco smoke

Others
Idiopathic
Systemic hypertension
Shock
Pulmonary artery distension
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1.2 Outline of the thesis

Because PPHN represents the failure of postnatal adaptation of the lung circulation at

birth, understanding the basic mechanisms of normal functional and structural development of

the pulmonary circulation in «zero, and the mechanisms that contribute to transitional

pulmonary vasodilation, may provide insights into the syndrome of PPHN and its treatment

(Abman, 1999). From this perspective, the present thesis focuses on some aspects of the

pathophysiology and treatment of PPHN. In chapters n, m, and IV the state of the art of the

problem is reviewed and in chapters V to XII some original contributions are presented.

Specifically, we review, in chapter II, some of the mediators (NO, eicosanoids,

endothelin-1, CO) most widely involved in the control of pulmonary vascular tone, as well as

in the circulatory transition and, consequently, in PPHN, the failure of this process. The role

of oxygen in the above-mentioned processes is also analyzed.

Chapter HI review sepsis-induced changes in vascular reactivity and its role in the

pathophysiology of both pulmonary hypertension, and systemic hypotension that accompany

neonatal generalized infection.

Chapter IV is focused on the treatment of PPHN, describing the difficulties for finding

a selective pulmonary vasodilator and use of inhaled NO in this respect.

In Chapter V (Am J Physiol. 1997; 272:L1013-20) we analyze the alterations that

chronic intrauterine pulmonary hypertension produces on lung endothelial NO synthase

(eNOS). The model of chronic intrauterine pulmonary hypertension caused by ductus

arteriosus compression in the fetal lamb, closely mimics the hemodynamic and pathological

changes observed in fatal clinical PPHN. We measured eNOS content and activity in this

experimental model, to determine the possible involvement of an impairment of the NO

relaxant pathway in PPHN.

12
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Chapter VI (Biol Neonate 1997; 72:62-70) is focused on the pulmonary vascular

response to hypoxia. We investigated the response to hypoxia in isolated intrapulmonary

arteries and veins from newborn piglets, evaluating the role of NO and eicosanoids on this

response. Furthermore, we compared the effects of hypoxia in pulmonary vessels with

systemic (coronary and mesenteric) arteries.

Chapters Vn (Br J Pharmacol. 1995; 115:261-6), Vffl (J Vase Res. 1996; 33:249-57),

and IX (Pediatr Res. 19%; 40:827-33) include experimental evidences of sepsis-induced

changes in pulmonary and systemic vascular contractility. We analyzed the effects of

incubation of piglet pulmonary, and mesenteric arteries with heat inactivated group B

S/re/tfococcus, and Escteric/ua co/i lipopolysaccharide, on the vascular responses to several

vasoconstrictor agonists, including those involved in the pathophysiology of sepsis-induced

PPHN.

In chapter X (Br J Pharmacol. 1997; 121:1323-33) we studied the interactions between

vasoconstrictor and vasodilator agents that are released during sepsis, playing a role in PPHN,

and systemic vascular disturbances. Specifically, we analyzed the interactions of noradrenalinc,

the TXAj-mimetic U46619 and ET-1 with the relaxation induced via cyclic GMP. In addition,

we studied the mechanisms involved in NO/cyclic GMP-induced relaxation in isolated

intrapulmonary arteries.

Since lowering pulmonary artery pressure while maintaining systemic vascular

resistance and good cardiac output is crucial for newborns with PPHN, the ideal drug for their

treatment should be a vasodilator with selectivity for pulmonary over systemic vessels. In

chapters XI (Eur J Pharmacol. 1996; 314:91-8), and XII (Pediatr Res. 1996; 39:1107-12) we

compared the relaxant effects of some of the proposed, and even clinically used, selective

pulmonary vasodilators (acetylcholine, sodium nitroprusside, ATP, PGE,, tolazoline,

nifedipine, and magnesium sulfate) in isolated piglet pulmonary and mesenteric arteries.

Finally, in chapter X m (Pediatr Res. 2000; 48:546-553) the pulmonary vascular

13
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Chapter II. Factors involved in the prenatal-postnatal pulmonary circulatory transition

and in the pathophysiology of PPHN.

n. l Nitric oxide

The discovery that the biological actions of endothelium-derived relaxing factor

(Furchgott and Zawadzki, 1980) are due to the endogenous release of NO (Palmer et al., 1987;

Ignarro et al., 1987; Khan & Furchgott, 1987) revealed the existence of an ubiquitous

biochemical pathway (Moncada et al., 1989; Moncada et al., 1997). NO is a unique messenger

molecule involved in the regulation of diverse physiological processes including smooth muscle

contractility, platelet reactivity, central and peripheral neurotransmission, and the cytotoxic

actions of immune cells (Moncada et al., 1997). Therefore, NO is crucial for many

physiological functions, and inappropriate release of this mediator has been linked to a number

of pathologies (Hibbs & Moncada, 1999).

NO is formed endogenously by a family of enzymes known as NO synthases (NOS).

Three distinct isoforms of NOS have been identified (Moncada et al., 1997). Molecular cloning

has shown these to share 50-60% homology. There is a constitutive form, neuronal (nNOS or

NOS I), whose activity is regulated by Ca** and calmodulin, and which is found in neural tissue,

both centrally and peripherally. A second, Ca^Vcalmodulin-requiring, constitutive enzyme is

present in vascular endothelial cells (eNOS or NOS III). A third, Ca^'-independent inducible

isoform (iNOS or NOS II) can be isolated from a variety of cells following induction with

inflammatory mediators and bacterial products. The association of the three NOS isoenzymes

with the endothelium (eNOS), neurons (nNOS) and inducibility (iNOS) is an oversimplification

(Moncada et al., 1997). For example, eNOS is located not only in the vascular endothelial cells

but also in platelets (Radomski et al., 1990) and in certain neuronal populations in the brain

(Dinerman et al., 1994), whereas nNOS has been found in the epithelium of the bronchi and

trachea (Kobzik et al., 1993), as well as in skeletal muscle (Kobzdk et al., 1994). In addition, the

constitutive eNOS can be induced in certain situations such as during chronic exercise (Sessa et

al., 1994) or during pregnancy, when both eNOS and iNOS are induced (Weiner et al., 1994). In

15
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contrast iNOS appears to be present constitutively in some tissues, including human bronchial

epithelium (Kobzik et al., 1993), rat kidney (Mohaupt et al., 1994) and ovine pulmonary fetal

tissues (Rairigh et al., 1998

NO is generated by NOS via a five-electron oxidation of a terminal guanidinium

nitrogen on L-arginine (Palmer & Moncada, 1989). The reaction is both oxygen- and NADPH-

dependent and yields L-citrulline in addition to NO, in a 1:1 stoichiometry (Bush et al., 1992).

This process occurs in at least two distinct steps. The initial reaction involves N-hydroxylation

of the guanidinium nitrogen to form N-hydroxy-L-arginine, which is the only intermediate that

has been identified (Wallace & Fukuto, 1991; Pufahl et al., 1992). In spite of extensive

research, the precise mechanism by which NOS catalyzes the oxidation of L-arginine to NO

remains unclear (Hibbs & Moncada, 1999). It appears that many aspects of NOS biochemistry

relate directly to the actions of cytochrome P-450. NADPH acts as the source of electrons for

oxygen activation and substrate oxidation, and flavin adenine dinucleotide and flavin

mononucleotide shuttle electrons from NADPH to the iron heme (Hibbs & Moncada, 1999).

The heme moiety of NOS resembles cytochrome P-450, supporting the thesis that the heme

component of NOS represents the catalytic center, responsible for binding and reducing

molecular oxygen and subsequent oxidation of substrate. In contrast to cytochrome P-450,

NOS also requires tetrahydrobiopterin (BH„) for maximal activity (Kwon et al., 1989). NOS

isoforms are subject to a negative feedback control loop mediated by NO (Rogers & Ignarro,

1992; Assreuy et al., 1993), presumably via NO ligation to the heme moiety. Moreover, BH4

is capable of preventing and reversing this feedback pathway, and although the explanation for

this is unclear, this may be one role for BH< as a cofactor (Griscavage et al., 1994).

A/ecAanis/ns o/zicf/o/t o/W0

Most of the physiological actions of NO are brought about by its activation of the

soluble guanylate cyclase (sGC) (Murad et al., 1990; Ignarro, 1997; Hobbs 1997). Binding of

NO to the heme moiety of this enzyme causes a conformational change that increases the

enzyme activity approximately 400-fold and results in the enzymatic conversion of guanosine-

16




























































































































































































































































































































































































































