
001

PATHOBIOLOGY

 

 

EDITED BY

LOUIS J. IGNARRO

@

 

 

 PRAXAIR 1024

vsoni
Text Box
PRAXAIR 1024



002



Nitric Oxide 
Biology and Pathobiology 

Edited by 

Louis J. Ignarro 
Department of Molecular and Medical Pharmacology 

UCLA School of Medicine 
Los Angeles, California 

ACADEMIC PRESS 
A Harcourt Science and Technology Company 

San Diego San Francisco New York Boston London Sydney Tokyo 

003



This book is printed on acid-free paper. (§) 

Copyright © 2000 by ACADEMIC PRESS 

All it" iti:Y: •cd, 
No _:ul f lhi ub1 Lt:11.U.On may be reproduced or transmitted in any form or by any 
me~Jl~ • . l~tron ic or rnec: hanical, including photocopy, recording, or any information 
stom,&~ n;l:ric\'11'1 y~lem, without permission in writing from the Publisher. 

Requests for permission to make copies of any part of the work should be mailed to: 
Permissions Department, Harcourt Inc., 6277 Sea Harbor Drive, 

Orlando, Florida 32887-6777 

Academic Press 
A Harcourt Science and Teclino/ogy Company 
525 B Street, Suite 1900, San Diego, California 92101-4495, USA 

http://www.academicpress.com 

Academic Press 
Harcourt Place, 32 Jamestown Road, London NWI 7BY, UK 

http://www.hbuk.eo.uk/ap/ 

Library of Congress Catalog Card Number: 99-69846 

International Standard Book Number: 0-12-370420-0 

PRINTED IN THE UNITED STATES OF AMERICA 
00 01 02 03 04 05 MM 9 8 7 6 5 4 3 2 I 

004



930 

Abnormal endothelium-dependent vascular relaxation in patients with 

essential hypertension. N. Engl. 1. Med. 323• 22- 27 · . . . 

Petros, A., Bennett, D., and Vallance: P. (1991). Effect ofmtnc ox!~~~.~~ 
thase inhibitors on hypotension In patients with septic shock. 

Pet\!~8~15~::~5~.· Leone, A., Moncada, S. , Bennett, D., and Vallance, P. 

({994.l. Effec;s of a nitric oxide synthase inhibitor in humans With septiC 

shock. Cardiovasc. Res. 28, 34-39. . 
Riezebos, J., Watts, I. S., and Vallance, P. (1994). Endothehn recept~rs 

mediating functional responses in human small artenes and vems. Bl. J. 

. Pharma~ol.S111,1609J-6;5. Loh E. Loscalzo, J., Francis, S, A., and 

Sim~~~a~~r. ·M. t:~ (e;;NS). Effect' of ~itric oxide synthase inhibition on 

bleeding time in humans. J. Cardiovasc. Pharmacol. 26, 339-342. 

Stamler, J. S., Loh, E., Roddy, M. A., Currie, K. E., and Creage~a~~~; 
(1994). Nitric oxide regulates basal systemic and pulmonary 
resistance in healthy humans. Crrculatwn 89, 2035-2040. 

Steinberg, H. 0., Brechtel, G., Johnson, A., Fmebe~g, .N., ~nd .Baron, A. 
(1994). Insulin-mediated skeletal muscle vasodilat~on IS mtnc oxide 
dependent. A novel action of insulin to increase mtnc oxide release. 
J. Clin. Invest. 94, 1172-1179. . 

Taddei, S., Virdis, A., Mattei: P., Ghiado~i, L., Sudano, I., an~nS"a~~e:~:~e~~ 
(1996). Defective L-argmme-mtnc oxide pathway m offsp " 
tial hypertensive patients. Circulation94, 1298-1303. . 

Vallance, P., and Charles, I. ( 1998). Nitric oxide m sepsis: Of nuce and men. 
Sepsis 1, 93-100. 

SECTION III Principles of Pathobiology 

Vallance, P., Collier, J., and Moncada, S. (1989a). Effects of endothelium 
derived nitric oxide on peripheral arteriolar tone Lll man. Lancet 2, 

Vall~~:~.1g~~ollier, J., and Moncada, S. (1989b). Nitric ~xide synthesized 
from L-arginine mediates endothelium dependent dilatiOn In human 

veins in vivo. Cardiovasc. Res. 23,.1053- 1057.a The effect of endo-
Vallance, P., Benjanun, N., and Collier, J. (1992 ). " . 

thelium-derived nitric oxide on ex vivo whole blood platelet aggre,atiOn 

in man. Euro. J. Clin. Plwrmacol. 42, 37-41. 199~b) 
Vallance, P., Leone, A., Calver,-A., Collier, J., and Moncada, S. ( .~ .. 

Accumulation of an endogenous inhibitor of mtnc oxide synthesis m 
chronic renal failure. Lancet 339, 572-575. . 

Vallance, P., Patton, S., Bhagat, K., MacAllister, R., Radoms~I, .~·· 

Moncada, S., and Malinski, T. (1995). Direct measurement of mtuc 

oxide in human beings. Lancet 346, 153-' ~54. H S ( 1998) Nitric oxide 
Wh 't R p Deane C. Vallance, P., and Mar us, . . . 

~;~th~s~ inhibi;ion' in humans reduces cerebral blood flow but not the 

hyperemic response to hypercapnia. Stroke 29, 467-472). N' . 'd 
Williams, D. J' Moosavi, A. H., and Imms, F. J. (1995 . Jtnc OXI e 

contributes to local heat induced vasodilation Ill man. J. Physwl. 483, 

126-127. . 
1 

A d !nuns F J 
Williams, D. J., Vallance, P., Neild, G. H., Spence!, . ., an A . J. 

(1997). Nitric oxide-mediated vasodilatiOn In human pregnancy. Ill . . 

Physiol. 272, H748-H752. 

------

CHAPTER 56 

Clinical Therapy with Inhaled 
Nitric Oxide in Respiratory Diseases 

William E. Hurford, Wolfgang Steudel, and Warren M. Zapol 
Department of Anesthesia and Critical Care 

Massachusetts General Hospital 
Harvard Medical School 
Boston, Massachusetts 

MANY INSIGHTS INTO THE MECHANISMS OF ACTION OF NITRIC OXIDE (NO) HAVE BEEN RAP

IDLY APPLIED TO TREAT PATIENTS. SINCE THE REPORTED APPLICATIONS OF INHALED NO IN 

THE LABORATORY (FROSTELL et al., 1991) AND IN ADULT PATIENTS WITH PRIMARY PUL

MONARY HYPERTENSION (PEPKE-ZABA eta/., 1991), HUNDREDS OF STUDIES HAVE BEEN CON

DUCTED TO DETERMINE THE CLINICAL APPLICABILITY OF INHALED NO. IN SELECTED GROUPS 

OF SEVERELY ILL AND HYPOXIC CHILDREN AND ADULTS, INHALED NO IMPROVES ARTERIAL 

OXYGENATION AND SELECTIVELY REDUCES PULMONARY ARTERIAL HYPERTENSION (PAH). NO 

INHALATION THERAPY, IN COMBINATION WITH CONVENTIONAL (NEONATAL INHALED NITRIC 

OXIDE STUDY GROUP, 1997A; ROBERTS et al., 1997) OR HIGH-FREQUENCY OSCILLATORY 

VENTILATION (KINSELLA et al., 1997), CAN SIGNIFICANTLY IMPROVE ARTERIAL OXYGENATION 

AND REDUCE THE NEED FOR EXTRACORPOREAL MEMBRANE OXYGENATION (ECMO), AN 

EXPENSIVE AND INVASIVE SUPPORT PROCEDURE IN NEWBORN PATIENTS WITH HYPOXIC RESPI

RATORY FAILURE. HOWEVER, IT REMAINS UNCERTAIN WHETHER NO INHALATION IMPROVES 
SURVIVAL RATES IN ADULTS WITH SEVERE ACUTE LUNG INJURY. 

NEW APPLICATIONS FOR NO INHALATION HAVE BEEN DISCOVERED. STUDIES INDICATE 

THAT INHALED NOMA Y DECREASE ISCHEMIA-REPERFUSION INJURY (BACHA eta/., 1996) AND 

MAY BE USEFUL TO TREAT THROMBOTIC DISORDERS (ADRIE et al., 1996; NONG et al., 1997). 

By INCREASING THE 0,~ AFFINITY OF SICKLE CELL HEMOGLOBIN, INHALED NO MAY PREVENT 

OR TREAT SICKLE CELL CRISIS. THIS CHAPTER WILL REVIEW THESE DIVERSE CLINICAL APPLI
CATIONS FOR INHALED NO THERAPY 

Background monary vasodilator, in a variety of both animal models and 
clinical conditions. 

The d_ ~nistrnJii 11 of 'nhOJ<I , ft -IJ in1 pro es sys-
t•Cillli o; yg ·rmt~ l'l tlur· -g :.·um• lung injru-)'. omm nly used 
Ultr-a nc>l.Liyadmioi.o;t~tl' 'l' s · lo . dirft.re '}'ro easehy
pu ··c pu]m ary 11 , OOOJJslricli wjlhi1 ll1 lung: nd can 
worsen oxygenation. Inhaled nitric oxide, by being delivered 
to areas of the lungs that are best ventilated and then 
by being rapidly bound to hemoglobin and inactivated in 

Copyright © 2000 by Academic Press. 
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the circulation, can selectively vasodilate ventilated lung 
regions. Regions of the lungs that are not ventilated are not 
exposed to inhaled NO. Oxygenation improves via a reduc
tion in relative blood flow to nonventilated regions. 

Borland and co-workers administered inhaled NO to pa
tients and volunteers to determine the diffusing capacity of 
the lung (Borland and Higenbottam, 1989). They found that 
a single breath of nitric oxide could be administered safely. 
Because NO is also an atmospheric pollutant (Alberts, 
1994), human toxicity studies (von Nieding et al., 1975) and 
exposure recommendations (Centers for Disease Control, 
1988) had been previously reported and provided the foun
dation for initial clinical studies. Today, substantiated indi
cations for inhaled nitric oxide (Table I) include hypoxic 
respiratory failure of the newborn (Clark, 1999; Hoffman et 
al., 1997; Kinsella et al., 1997; Neonatal Inhaled Nitric 
Oxide Study Group, 1997a; Roberts et al., 1997) and the 
assessment of pulmonary vascular reactivity in patients with 
pulmonary hypertension (Fishman et al., 1998). Inhaled NO 
has also been used in the treatment of acute respiratory dis
tress syndrome (ARDS), lung and cardiac transplants, con
genital and acquired heart disease, and chronic pulmonary 
hypertension, and it has been used to produce desirable di
rect effects on blood elements, specifically for the treatment 
of acute chest syndrome in sickle cell disease. 

Neonatal Respiratory Failure 

Persistent pulmonary hypertension ofthe newborn (PPHN) 
is a clinical syndrome characterized by sustained pulmonary 
hype11ension and severe hypoxemia, resulting in cyanosis 
that is unresponsive to oxygen therapy. Persistent pulmo
nary hypertension of the newborn may be due to a variety 
of etiologies (Roberts, 1993). Diagnostic confirmation of 
PPHN includes echocardiographic observation of a right-to
left shunt through the ductus arteriosus or foramen ovale, 
due to increased pulmonary vascular resistance (PVR), in 
the absence of congenital heart disease. Conventional treat
ment strategies include breathing high inspired 0 2 concen-

Table I Clinical Indications for Inhaled Nitric Oxide 

Substantiated 
Hypoxic respiratory failure and persistent pulmonary hypertension of 

the newborn (PPHN) 
Assessment of pulmonary vascular reactivity in patients with pulmonary 

hypertension 

Investigational 
Acute respiratory distress syndrome (ARDS) 
Lung and cardiac transplantation 
Congenital and acquired heart disease 
Chronic pulmonary hypertension 
Ischemia-repetfusion injury 
Anti platelet effects 
Acute chest syndrome in sickle cell disease 
Bronchodilation 

SECTION III Principles of Pathobiology 
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Figure 1 Short-term effects of inhaled NO on systemic oxygenation in 
mfants w!lh severe hypoxemia and persistent pulmonary hypertension of 
~he newbo~. Treatment With mtnc oxide inhalation (80 ppm at FiO, 0.9 for 

0~ ~:n~n - 30), but not w!lh place.bo inhalation (control, mtrogen at FiO, 
, 28), after randomized assignment Significantly (p < 0.001) im-

proved postductal PaO, (A) and oxygenation index (B) compared with bas

~~:~~-9~;~ues are means ± SO Reprinted with permission from Roberts et 
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Acute Respiratory Distress Syndrome 

Pulmonary Vascular Resistance 

Rossaint ~tal. (1993) demonstrated that inhaled NO pro
duced selectiVe pulmonary vasodilation in patients with se
vere ARDS (Fig. 2). This was later confirmed by larger 
studies (~ellinger et al., 1998; Manktelow et al., 1997). In 
so~e patl~nts, NO-induced pulmonary vasodilation was suf
fiClent to Improve right ventricular performance (Rossaint et 
al., 1995a). In children with ARDS, inhaled NO (20 ppm) 
decr~ased mean pulmonary artery pressure (MPAP) by 25% 
and mcreased cardiac i~dex by 14% (Abman et al., 1994). 
Inh~led NO ~lso effectively relieved the pulmonary hyper
ten~wn as~ociated with the use of permissive hypercapnia in 
patients with ARDS (Puybasset et al., 1994). 

Inhaled NO_ ( 40 ppm) decreased pulmonary capillary 
pressure (Benzmg and Geiger, 1994) and pulmonary trans-
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Figure 6 Effects of NO on oxygen affinity of red blood cells. Exposure to NO (80 ppm for 15 min) shifted to the left the 
oxygen dissociation curve of hemoglobin S erythrocytes (left). The effect of NO exposure on P50 of hemoglobin S erythro
cytes was dose dependent (right). Values are means ± SE. Reprinted with permission from Head eta/. (1997). 

Nitrotyrosine residues were detected in the airway speci
mens of two infants requiring prolonged ventilation with NO 
in this study. The relative contribution of NO inhalation and 
endogenous NO formation to nitrotyrosine formation in the 
lung is unclear, however, because nitrotyrosine formation 
has been demonstrated in acutely injured lungs without the 
exogenous administration of NO (Haddad et al., 1994; Kooy 
et al., 1995). Studies of survivors of ARDS treated with 
inhaled NO reported no obvious differences in pulmonary 
function compared with ARDS patients not treated with NO 
(Luhr et al., 1998). The doses of NO in current clinical use 
are less than that received with cigarette exposure and are 
nearly within the range encountered while breathing the air 
of many urban centers (Lee et al., 1997). 

Methemoglobinemia 

Blood methemoglobin concentrations have been regu
larly monitored in clinical trials of inhaled NO in adults and 
neonates (Dellinger et al., 1998; Kinsella et al., 1997; Neo
natal Inhaled Nitric Oxide Study Group, 1997a,b; Roberts et 
al., 1997). The incidence of methemoglobinemia has been 
low. Its occurrence is more common in neonates and with 
high inhaled doses, but it is usually well tolerated. There 
have been no reports of sequelae to methemoglobinemia in 
randomized studies. Methemoglobinemia is easily treated by 
reducing the dose of NO. Single reported cases of more se
vere methemoglobinemia during NO therapy have occurred 
in the setting of high doses (Hess et al., 1997). Chemical 
therapies, such as methylene blue and ascorbic acid, are 
available, but they should not be necessary if methemoglo
bin levels are monitored. 

Inhibition of Platelet Function 

Inhaled NO inhibits platelet function. Increased bleeding 
times and decreased platelet aggregation have been reported 
in experimental animals and patients (George et al., 1998; 
Hogman et al., 1993b, 1994; Samama et al., 1995). In ran
domized studies of adults and term and nearly full-term in
fants, however, an increased incidence of clinical bleeding 

has not been substantiated (Dellinger et al., 1998; Kinsella 
et al., 1997; Neonatal Inhaled Nitric Oxide Study Group, 
1997a,b; Roberts et al., 1997). Indeed, platelet inhibition 
could be therapeutic, rather than detrimental. Nevertheless, 
a cautious approach to the possibility of worsened bleeding 
during inhaled NO therapy remains prudent, especially in 
premature infants who have a high incidence of intracranial 
hemorrhages (Meurs et al., 1997). 

Adverse Hemodynamic Effects 

Inhaled NO may also have adverse hemodynamic effects. 
Inhalation of NO may vasodilate the pulmonary circulation 
and increase blood flow entering the left ventricle. In patients 
with preexisting severe left ventricular dysfunction, an in
creased left ventricular end-diastolic pressure (Hayward et 
al., 1996; Loh et al., 1994; Semigran et al., 1994) and pul
monary edema (Bocchi et al., 1994) during NO breathing 
have been reported. This increase may be due to small in
creases in left ventricular volume associated with improved 
right ventricular function that, in tum, produced exaggerated 
increases in pulmonary capillary wedge pressure when the 
left ventricle is poorly compliant. Monitoring of left ventric
ular function may be indicated when inhaled NO is admin
istered to patients with severe left ventricular dysfunction. 

Rebound hypoxemia and pulmonary hypertension may 
occur after the sudden discontinuation of NO (Bigatello et 
al., 1994; Lavoie et al., 1996; Rossaint et al., 1993). It has 
been suggested that the downregulation of endogenous NO 
synthesis by NO inhalation is responsible for rebound PAH 
(Ma et al., 1996; Rengasamy and Johns, 1993). Data ob
tained in rats with hypoxic pulmonary hypertension, ho':
ever, suggest that inhibition of endogenous NO synthesis 
play a minor role in rebound PAH: no changes of lung en
dothelial nitric oxide synthase (NOS) protein levels, NOS 
diYily, ·m.lolhdium-tlependcnl :uuJ -i dependent "'"' 

dillll10il were 'l"''rtcd :.flcr 3 week inhalin 20 ptlm 0 · 
LLmg guan)'llll cy- ·k~ ct~'\' tl was Lrun '~,: rJ tiC rea. 
lr Ler I w e - rNO ~nha]atiun, butgund)'n I cyclt!b.e a llvllY 

·a lllHll!li.d afler J wa:h or NO jn luf "« ran ;:( tiJ.. 

1998). 
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~~bound hypoxemia and pulmonary hypertension can be 
anticipated, and attenuated by increasing the Fi0

2
, and, per

h~~s, through the administration of phosphodiesterase in
hibitors (He~s et al., 1997). The administration of a type 
V phosphodiesterase inhibitor, dipyridamole, has been re
~orted to prevent rebound PAH following discontinuation of 
mhaled NO (al-Alaiyan et al., 1996; Ivy et al., 1998; Ziegler 
et al., 1998). 

Summary 

Inhaled NO offers a novel therapy for the treatment of 
~ulmonary hypertensive diseases and the symptomatic re
hef of hypoxemia. The use of inhaled NO reduces the nec
essity for ECMO in newborns and infants with acute 
h~po~emic respiratory failure. Proper indications, contrain
dicatwns, dosing criteria, and implications of the toxic ac
tions of NO remain to be fully delineated. Randomized 
clinical. studies of patients with carefully defined specific 
a~ute disease states characterized by pulmonary hyperten
swn or hypoxemia (e.g., pulmonary embolism, severe PAH, 
pos~pneumonectomy pulmonary edema, acute rejection fol
lowmg lung transplantation) and of premature newborns 
with respiratory failure remain to be completed. If such trials 
~re carefully designed and conducted, we may define addi
twnal group~ of patients that may benefit from, or may be 
harmed by, mhaled NO. Chronic ambulatory inhaled NO 
therapy may someday prove valuable for patients with pul
monary hypertension. The use of inhaled NO continues to 
?e a ~nique and fascinating approach to studying and treat
mg diseas~s as diverse as acute rejection of the transplanted 
lung and sickle cell crisis. 
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Nitric Oxide 

CHAPTER 58 

Nitric Oxide and 
Persistent Pulmonary 

Hypertension in the Newborn 
'obJ H. ·teinhorn .. . and Ja Ru 

/Jt<t'«l'liJILilf lJ t\"!/intr'l'(''i, I!Wl Wl'.! P('£11 i.111/1 ~·r.rllr 
C/11 "'l,qo, fllillu1~· 

Ut 

~f)l"/l<trlmrl n tl} fllr11sinf"KJ' am! l'<:Ji.llrir.:.'!.. SrmC! Urli't·rTl ''1 N!!w trml; at Rn/Jtll(• 
Buffit'f), .r'w)IJr,l; 

'fHE TRANSITION OF TilE PULMONARY CIRCULATION FROM A IDGH RESISTANCE-LOW FLOW 

CIRCULATION IN TilE FETUS TO A LOW RESISTANCE-IDGH FLOW CIRCULATION IN 1HE NEW

BORN IS A COMPLEX PROCESS THAT INVOLVES 1HE SIMULTANEOUS DOWNREGULATION OF 

VASOCONSTRICTOR MEDIATORS AND UPREGULATION OF VASODILATOR¥ MEDIATORS SUCH 

AS NITRIC OXIDE (NO). IN TilE VAST MAJORITY OF INFANTS, TillS PROCESS OCCURS SPON

TANEOUSLY AND QllCKLY AND DOES NOT REQillRE ANY INTERVENTION. OCCASIONALLY, 

HOWEVER, TilE TRANSffiON MAY BE DIFFICULT OR ABNORMAL, AND REQillRE PROMPT 

AND EFFECTNE RESUSCITATION TO ENSURE A SUCCESSFUL ADAPTATION TO TilE EXTRA
UTERINE ENVIRONMENT. 

ONE DISEASE THAT LEADS TO COMPLICATI , l.lllRir-t{'l 'lliAN~Ulil l!ii I'I.J!.sl!i'Th..,TI-1 1.1\1 • 

!\!All\' IJ\'PF.Il ' I'; 01· lliF. llU& PPfiNI ~Ill II IS ' IC.I\(T(.l!IZI:,I) 11\1 p, II..I.JR tJF 

1HF tltl I .IlK\' \'MC'II'-"r.t R 1ST. Nt: !P R~ 1'1'1 Dj_. "Rh . AJFTEJ( llllffll, R~' L'ITIIo"G 1.! 

II I'IO:r(IJ\ lt.Nil Sf!VI'-IQ OIS'IIil:!. .. ~. U:o.mH ST,\ IJ:L"!Il Tilt; I'H\'~Hli.J .... I' lfll> " ll,O.t '•\R\ 

CIRCULATION DURING TilE TRANSITION FROM FETUS TO NEWBORN HAS HELPED NEONATOLO
GISTS DEVELOP NEW TECHNIQUES FOR TilE ~TAJ'o','\0 !M 

CIATED WITH IDGH MllRTA H''l 'r> r.J'UHiliDI , 
PPHN EXHIBIT RED nm NO -:v 1 

PULMONARY BLOOD FLOW AND CORRECT HYIH.iU IN 1lJ 'SE NI!.(WA1R .. 0n1Eit MI?'I'HUJlSTt) 
INCREASE cGMP, SUCH AS INffiBffiON OF ('(]MP '>1-'l, Il-l 

FORM (PDE5), EITHER ALONE OR IN COMIII' liON \ l'fll 0 1C k.IUN'tJ IN\' • (l Thb S 

NOVEL TiffiRAPEUTIC MODALITIES FOR TREATING TillS CONDffiON. IT IS ANTICIPATED THAT 

TillS COMBINATION TIIERAPY WILL DECREASE 1HE CONCEN'IRATION OF NO REQillRED FOR A 

TIIERAPEUTIC EFFECT; THUS ATTENUATING POTENTIALLY DELETERIOUS EFFECTS RESULTING 
FROM TilE FREE RADICAL ACTIONS OF NO. 

Tms CHAPTER WILL STRESS 1HE ROLE OF NO IN (1) TilE NORMAL FETAL CIRCULATION, 

(2) 1HE TRANSITION OF 1HE CIRCULATION AT BIRTH, AND (3) TilE ETIOLOGY AND TREATMENT 

OF PPHN IN NEWBORNS. IT IS IMPORTANT TO NOTE THAT ALTHOUGH THEY WILL BE DISCUSSED 

ONLY BRIEFLY, MULTIPLE FACTORS IN ADDffiON TO NO CONTRIBUTE TO BOTH THE NORMAL 
TRANSffiON AND THE PATHOPHYSIOLOGY OF PPHN. 

963 Copyright © 2000 by Academic Press. 
All rights of reproduction in any form reserved. 

008



970 

Events that Initiate Transition 

The stimuli that seem to be most important in decreasing 
PVR at birth are the rhythmic ventilation of the lungs with a 
gas and the increase in oxygen tension in the lungs. Each of 
these stimuli by itself will decrease PVR and increase pul
monary blood flow, but the largest effects are seen when the 
two events occur simultaneously (Teitel et al., 1990). Study
ing the role of oxygenation independent of ventilation dur
ing transition is technically challenging. Chronically instru
mented near-term fetal lambs have been studied while the 
ewe breathes oxygen in a hyperbaric chamber at three at
mospheres. During hyperbaric oxygenation, fetal pulmonary 
vascular resistance decreases and pulmonary blood flow in
creases to levels comparable to after birth (Fig. 4). 

Pulmonary endothelial cells play a central role in the 
pulmonary vascular transition through the production and 
release of numerous mediators that act on the subjacent 
smooth muscle cell layer. A complete discussion of their 
products is outside the scope of this chapter. However, the 
main endothelial products currently believed to be respon
sible for the pulmonary vasodilation at transition include 
arachidonic acid metabolites and nitric oxide. Prostacyclin 
(PGI

2
) is the arachidonic acid metabolite most studied in the 

transition of the pulmonary circulation at birth. Prostacyclin 
may be important in pulmonary vasodilation following 
rhythmic distention of the lung, but does not appear to me
diate the pulmonary vascular response to oxygenation in the 
fetus (Morin et al., 1988). Despite a large body of research, 
the importance of prostacyclin in the transition at birth re-

mains unclear. 

Changes in NO-cGMP Signaling at Birth 

The decrease in PVR is further augmented by a rapid 
increase in the oxygen-mediated availability of NO through 
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a variety of mechanisms. Inhibition of nitric oxide synthase 
blocks the pulmonary vascular response of the near-term fe
tal lamb to hyperbaric oxygenation (Fig. 4). Oxygen directly 
increases basal and acetylcholine-stimulated cGMP produc
tion in the pulmonary vasculature (Shaul et al., 1992). Acute 
changes in oxygen tension do not produce similar changes 
in mesenteric arteries, suggesting that this dramatic effect of 
oxygen is due to a direct and specific effect on NO produc
tion by fetal pulmonary arteries (Shaul and Wells, 1994). 
The acute oxygen modulation of pulmonary endothelial NO 
production does not appear to be a result of production of a 
local receptor agonist, or changes in availability of oxygen 
or L-arginine as substrates for NOS. Oxygen may, however, 
directly effect NOS by altering pulmonary endothelial cell 

calcium homeostasis. 
Oxygen also causes a rapid increase in red blood cell 

adenosine triphosphate (ATP). ATP or its metabolite adeno
sine cause pulmonary vasodilation in the fetus, a response 
that is blocked by inhibition of NOS (Konduri et al., 1992; 
Steinhorn et al., 1994b). ATP may stimulate endothelial NO 
production either by binding to purinergic receptors or di
rectly to NOS. Plasma ATP levels increase in the pulmonary 
arteries of fetal lambs during ventilation with oxygen, and 
the decrease in PVR that accompanies ventilation with oxy
gen is abolished by blockade of adenosine and ATP receptors 
(Konduri et al., 1993). Thus, increased synthesis and release 
of ATP may cause pulmonary vasodilation in response to 

birth-related stimuli in the ovine fetus. 
The peptide bradykinin stimulates endothelial NO pro

duction, and is a potent pulmonary vasodilator in the fetus. 
Ventilating fetal lambs with oxygen, or exposing the fetus to 
hyperbaric oxygen, increases the blood concentrations of 
bradykinin (Heymann et al., 1969). However, blockade of 
bradykinin receptors does not block the pulmonary vasodi
lation to oxygen (Banerjee et al., 1994), and it is unknown 
whether a direct interaction between bradykinin and NO 
plays a role in the development of the response to oxygen. 

Closure of the ductus arteriosus at birth and the decrease 
in PVR lead to a large increase in pulmonary blood flow. 
This increase in pulmonary blood flow increases shear stress 
in the pulmonary vasculature and activates signaling cas
cades in endothelial cells which produce and/or potentiate 
pulmonary vasodilation via increased synthesis and release 
of NO. An increase in shear stress increases eNOS mRNA 
and protein expression in lung tissue (Black et a/., 1997). 
Therefore, whenever a stimulus initiates an increase in pul-
111 Jlu.!L)' bl• M..l now l1u.ring tnmsition, it increases shear stress 
• m.l ·ru01L : :1 pu iti c feedback loop in which increased NO 
:->}l lllhe ·i~> inc ill> s [JUlmru.m. ry blood flow still further. At 
l!!a...,l • rtion tlr lh.:: f!u hnonary vasodilation that results 
from shear stress may be attributed to NO-mediated activa
tion of K+ -channels (Kv) in smooth muscle cells (Ston11e et 

al., 1999). 
The pattern of expression of wlublc gun ~yl nt~: c)1:h1«= I 

similar to eNOS, with the tughcs l level ur expr' Sltlll nnd 
activity noted in the first day t~Uowin • binh. FlliiPI.:nnLl ' 

within 1 hour following birth, PDE5 ru:ti •il •. pro~dn. und 
mRNA dramatically decreas in newborn la.mb :.~n l 111111 I! 
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Figure 7 Diagram of the factors that fa -
tance at birth_ The size and density of letters::~ ;~w pulmonary :ascular resis
ttons and activity. nes Ieflect relative concentra-

lungs (Hanson eta!. 1998b) Th 
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following birth wo~ld b . e low level ofPDE5 activity 
NO on I e expected to enhance the effect of 
cGMP l~u ~~nary vascular smooth muscle by increasing 
crease in ;~~ m a! ~anner t~~ tt correlates well with the de-

regm_lens based on manipulation of the N0-0G 
are discussed in the following sections. ~ MP pathway 

ear Y m transitiOn. 
Persistent Pulmonary Hypertension 

Definition 

The expected decrease in 1 
and increase in pulmon~ry bl~~:~naryd vas~ular resistance 
not always occur normal! durin ow e~c.nbed earlier do 
ine life. Persistent pulmo~ar g the tra~sitiOn to extrauter
(PPHN) . th . y hypertensiOn of the newborn 

IS e result. This syndrom I' 
1. in 1000 live births and up to 10%e ~td J.ca~es mor~ than 
sive care nurseries. There are no a missiOn~ to mten
involved in its pathoaene . , AI h kno.wn genetic factors 
mature infants PPHN . s;s. . t ough It can occur in pre
infant. ' IS c assically a disorder of the term 

PPHN is characterized b 1 
ing right to left ext I y pu monary hypertension caus-
poxemia (Fi a 1 C) rftu· mona? .shunting of blood and by
a specific di:~ase . d I.s a c I~Ical syndrome rather than 

. ' an IS associated with a wide . 
cardiac and respiratory disorders p anay of 
vasoconstriction of structurally n. PHlN ml ay result when 

orma pu monary vessels 
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occurs in response to acute asphyxia, or alveolar hypoxia 
due to parenchymal disorders such as hyaline membrane dis
ease or meconium aspiration syndrome. However PPHN can 
occur idiopathically in the absence of underlying parenchy
mal disease. It is believed that in these cases, the syndrome 
is the result of an abnormal remodeled vasculature that de
velops in utero in response to prolonged fetal stress, hypoxia, 
and pulmonary hypertension. PPHN causes substantial mor
bidity and mortality in otherwise normal term infants. Clin
ically, once recovery occurs, neurologic sequelae are a 
concern. Although there are theoretical concerns that an 
early insult may "imprint" the vasculature unfavorably, 
clinical outcome studies do not currently indicate that pul

monary hypertension recurs later in life. 
Presently, over 1000 infants per year with PPHN require 

transport to specialized centers that provide extended heart 
lung bypass, known as extracorporeal membrane oxygena
tion or ECMO. Although ECMO is life-saving, it is expen
sive, invasive, and carries a substantial risk of morbidity. By 
design, cardiopulmonary bypass will decrease pulmonary 
blood flow and pressure and therefore may indirectly benefit 
the pulmonary vasculature. However it is not specific ther
apy designed to reverse PPHN. Therefore, understanding the 
role of mediators such as nitric oxide in the abnormal tran
sition is important. This understanding should lead to devel
opment of safer, more effective therapies for PPHN and 

ultimately its prevention. 

Human Studies 

It is difficult to measure endogenous nitric oxide produc
tion in the newborn infant, and direct assay of NO produc
tion by pulmonary endothelial cells is not currently feasible. 
Therefore, the few studies in human infants have all have 
been based on more global measures of nitric oxide produc
tion. Urinary nitrites and nitrates are lower in infants with 
PPHN than in healthy term infants (Dollberg et al., 1995). 
Plasma cGMP concentrations are also low, and increase rap
idly in response to inhaled NO (Christou et al., 1997). More 
recently, eNOS expression was found to be absent in umbil
ical vein endothelial cells cultured from four out of six in
fants who subsequently developed PPHN (Villaneuva et al., 
1998). Taken together, these studies provide indirect evi
dence for a deficiency of endogenous NO production in in
fants with PPHN. However, it is impossible to determine 
whether the absence of eNOS is the cause of PPHN, or 

whether PPHN leads to a loss of eNOS. 

Effects of NO Synthase Inhibition or Disruption 

Does a decrease in endogenous NOS activity produce 
dinicul PPtl ·: o;1.11C .;~r 1 ic i111f'u. inn~ of die unn_ p-1!

~ei I NO S}'nlta.'il: 111~1ibit r - ;\, 1 •'l<tl I mbs rn:1dm::!! 
phy iulogjcal bnorm hue:s ~:: 111 . i!ltent" 'lit I PPHN · nU win 
u cliv ry (A bman et 11J., I <Jl-JU: Finclllll L'l u f.. 1994 . Pul
PlOil.llll ltt1erbl p~ sure .rnd 'ptl\rn n ry 'C'UI r rcsi:.Uinre 
,U'tl in rea~ d rc lll.tl • to c nlmll:amh~, afkl ypoxem1a re-
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Effect of PPHN on NO-cGMP Signaling 

Most studies have addressed the converse of the previous 
question~ P HN oci3'!1:d with alterations in NOS ex
pression ·•nU!Iur ln::li Yl()''1 Simitlllr to the problem in evaluat
ing the l'lllll'lil!l -;tudics. iL m tsl b kept in mind that it is 
difficult to dtiffc nlime '"tb.cll'lur alterations in specific en
zymes are responsible for producing PPHN, or occur 111 re
sponse to it. Still, important insights into pathophysiology 
and therapeutic options can be gained from the study of ani-

mal models of PPHN. 

PRENATAL DEVELOPMENT OF PULMONARY 

VASCULAR ABNORMALITIES 

Newborns who die due to idiop thic pt:rsiswm: puhnm · 
hypertension of the newborn dl play n in rctts IJl uhnt -
nary arterial medial smooth mu · •I cmlli c tcn!'iun c I m\Th ·h: 
to normally nonmuscular pulnwnary •. :r :ics I! I w nh nc.l 
Reid, 1976; Murphy et al., HHU f, ·nu: mu c1 ce ll are r1:· 
4.1Ucntly t.nroundcd by heavy elastic laminae, suggesting 
they fom1cd sc\'Cml weeks beJo re death. Further, these ana
lootic umgc5 ( . bserved it infants dying in the first 24 
hours of life, whic::h strongly suggests that an altered intrau
t~.:rillc Cfl\'l'r IUllC~l may produce structural changes in the 

pulmonary circulation of the fem . • 
To study the antenatal devclop~nl ofPJiHN. ir.lrJute:rirte 

models of persistent pulmoru ')' b)'pc IUDSionll: c be.:ll tl .. • 
veloped in the fetal lamb. he rel.a1iW,)' \urge i'le o l'tiiC 

fetal lamb makes it suitable f. r ~"Urgical inl rvenhon rtd 
physiological study as a fetu :tnd in 111 di I · n wborH· 'Fd r~ 
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thermore, the e~es tolerate uterine surgical intervention 
well, and are relatively resistant to premature labor. 

. D~ctal C~nstriction or Ligation In the normal fetus 
dtverswn of nght ve~tricular output away from the lun ~ 
across the ductu~ artenosus may be an important mechanis~ 
th~t protects ~gamst remodeling of pulmonary resistance ar
tenes. PPHN IS ~ore co~mon in postterm newborns, which 
may .be due to mtrautenne constriction of the fetal ductus 
art~n_osus. A rare cause of PPHN in infants is prenatal con
stnctwn of the. ductus ar~eri?su.s due to maternal ingestion 
of prostaglandm synthesis mhtbitors. The most common 
~od~l cutTently in use for the study of PPHN is th d . 
ligatiOn model. e uctal 

Following surgical constriction of the ductus arteriosus, 
pulmonary blood flow acutely increases. However, within 
2 ~ours pulmonary blood flow decreases back to baseline 
whtle pulmonary vascular resistance remains high. Fetal 
l~m~s born 7 to 14 days following ductal constriction or 
hgatwn have ~ersistent pulmonary hypertension (Abman et 
al., 1989; Monn, 1989), with all the physiological hallmarks 
of the human syndrome, including pulmonary arterial pres
sure .eq~al to .aortic pressure and hypoxemia unresponsive to 
vent~latwn.wtth 100% oxygen. Structural alterations also oc
cur, mcludmg extension of smooth muscle into the normally 
~o.nmuscul~r distal arteries and the formation of periadven
tltwl fibr?sts surrounding the intraacinar arteries (Wild eta!., 
.1989) (Fl~. 8). These changes are identical to those observed 
m human mfants. 

. Act~vity, message, and protein content of endothelial ni
tnc oxtde synthase. are decreased by approximately 50% in 
lung extracts of ligated compared to control fetal lambs 
(Black et ~l.,. l998a; Shaul et al., 1997; Villamor et al., 
1997~. P~ehmmary studies indicate that neuronal NOS ex
pressiOn m the peripheral arterioles is also decreased (Tzao 
et al., 1 ~99). !he pulmonary vasculature of ductal ligation 
lambs dlla~es m response to nitric oxide inhalation, but high 
concentratiOns are required to decrease pulmonary arterial 
pressure a~d pulmonary vascular resistance to near normal 
levels. This may be due in part to increased production of 
potent com~etmg vasoconstrictors such as endothelin-1. 
How~ver, thts response pattern to exogenous NO can also be 
explamed by other alterations in the nitric oxide-cGMP 
pathway as described later. 

Relax~ti~ns ~o atrial natriuretic peptide and cGMP ana
logs are stmllar m control and hypertensive lambs, indicating 
that the remodeled pulmonary vessels relax normally when 
c?.MP concentrations increase sufficiently. However in ad
~~t~on to decreased endothelial NO synthase content ~nd ac
tivity, soluble guanylyl cyclase content and activity are 
decrea~e~ .. Pulmonary arteries isolated from PPHN lambs 
have dlmtmshed relaxations and cGMP accumulation in re
sponse to sodium nitroprusside and nitric oxide gas com
pared to controls (Steinhorn et al., 1995). Protein contents 
for both the a and [3 subunits of soluble guanylate cyclase 
~re decreas.e~ (Black et al., 1998a; Tzao et al., 1998), and 
mmunostammg localizes the decrease in sGC expression to 

~11 levels of the art~rial tree, with the most striking changes 
m the sm.allest reststance arterioles. Cyclic GMP specific 
phosphodiesterase activity appears to be elevated in PPHN 
lam~s, b~ a mechanism that may involve posttranslational 
modlfic.at~on by phosphorylation. Increased phosphodiester
ase acttvlty wou~d further depress the already decreased 
cGMP concentratiOns in response to endogenous and exog
enous NO. 

. Abnormal Lung Growth Congenital diaphragmatic her
ma (C~H) occ~rs when the diaphragmatic leaflets fail to fuse 
early m ~estatwn, allowing the bowel to migrate into the 
chest cavity. Pulmonary hypoplasia occurs to a variable de
?ree, .probably in propmtion to the volume and duration of 
mtestl~al herniation. In lung development, the vessels de
velop m parallel with the conducting airways. As a result 
the pulmonary vascular bed in CDH is reduced in proportio~ 
to th: de.gree of pulmonary hypoplasia, and abnormal mus
culanzatwn of arte~ioles occurs as described earlier (Bohnet 
al., 1987). Eve? wtth advanced support techniques such as 
ECMO, mortality has remained nearly 50%. 

CDH can be induced in approximately 50% of rat fetuses 
after ~aternal ingestion of the herbicide nitrofen early i~ 
~estatwn. In this mo~el, eNOS mRNA and protein abun-

ance are decreased m the lung ipsilateral to the hernia 
c?mpared to lungs from unaffected littermates. Congenital 
dmphrag~atic hernia can also be surgically produced in the 
sec~nd tn~ester m the fetal lamb. Physioloaical and an -
tomtc ~ndmgs are similar to that seen in se:erely affecte~ 
human m~a~ts. In this model, NO synthase content and func
twnal acttvlt~ are not altered in large pulmonary arteries 
~Ka~amanoukta~ et al., 1995). However, NO synth~se activ
Ity lS abn_o~mal m pulm~nary veins, with the most striking 
abno~m~lltles observed m veins isolated from the smaller 
lung tpsllateral to the hernia (Irish et al., 1998). Relaxations 
to NO .don?r ~ge~ts are normal in both pulmonary arteries 
and vems, mdlcatmg that at least prior to bilth the vascular 
sm?oth muscle responds normally to NO. However, as de
scnbe~ later, even.whe~ there is an initial dramatic improve
ment. m oxygenatiOn, mfants with CDH are less likely to 
sustam a response to inhaled NO. 

POSTNATAL DEVELOPMENT OF PULMONARY 

VASCULAR ABNORMALITIES 

Hypoxi~· ~asoconstriction The development of acute 
vas~c~nstnctwn and chronich~pertension in response to hy
poxia lS a key feature th~t ~lstmguishes the pulmonary cir
cu~atlon from the systemic Circulation. In newborn and adult 
ammals, acute hypoxia produces a prompt rise in pulmonary 
artery ~ressure and pulmonary vascular resistance. However 
hypoxtc vasoconstriction appears to be attenuated . th , 
early b · . m e n~w orn penod, and mcreases strikingly with postnatal 
age (F~ke and H.ansen, 1987). This attenuation conelates 
well Wlth ~he rapid alterations in NO-cGMP signaling that 
occ~r at birth and favor sustained increased cGMP concen
tratiOns an.d ~ulmonary vasodilation. The site of hypoxic 
vasoconstnctwn also varies with postnatal age. In contrast 
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B 
Figure 8 Example of pulmonary arterioles f1 om normal near-term fetal lambs (A) and from lambs with PPHN following du~talligation (B), 
In PPHN, the arterioles have a muscularized arterial wall, double elastic lamina (arrows), and adventitial prohferauon. From W1ld et al (1989), 

with permission. 

to adult lungs, in which the pulmonary arteries are the major 
site of hypoxic vasoconstriction, both pulmonary arterial and 
small diameter venous pressures increase following acute 
hypoxia in newborn lambs and piglets (Fike and Kaplowitz, 

992: Ra ntl hen. 1 ~ ~ 
'TIP role of 0 :.yntl1 . 

p lmcmary "o..L'\4XOI\.lilriclion mnainG untlll er i I. iln 
o~t'..Je ~yntl~· se 111hi lltors pol nii:.H.c hyposi \'<ISt~e 11. Irk
tim 111 newborn l"•gh:t " :md lnmb" ( rdo!l nm.l Tud. 19'-)3). 
suggesting rh~t nclnge mts. 1 production may attenuate 
hypoxic v. xocunstriciJO il . However other studies demon
strate that de rca ed o y ~n ten sion inhibits NO synthase 
expression and activity in fetal lambs (North et al., 1996; 
Shaul et al., 1992), and exhaled NO and NO metabolites fall 
d1111'i11g dJ li iJ h)•po:o:ia i perf s•d lungs i l.at!.!u fron 111:'\ -
bnm pia,:l ts em et lll., 191lfl). !.li -c <IDlllling lh •nev.-
1:1 rll ltSJMlR. e IU hypo j folio win kn kuut of 111 ' 1 

gene woul J be llldp(ul. bu h~vc n 
the technical challenges. 

Chronic Hypoxia Prolonged hypoxia following birth is 
an important cause of PPHN, and a widely used model for 
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poxia produces alterations in the nitric oxide target enzyme 
pathways in the vascular smooth muscle cell which decrease 
sensitivity to endogenous and exogenous NO. 

Alterations in smooth muscle response to NO may occur 
following chronic hypoxia. Relaxations and cGMP accumu
lation in response to both endogenous and exogenous NO 
are blunted following 7 days of hypoxia in adult rats, but 
responses to atrial natriuretic peptide (ANP) remain equiva
lent to controls (Crawley et al., 1992). Rodman (1992), 
found that relaxations to endogenous NO, exogenous NO, 
and cGMP were all blunted in pulmonary arteries isolated 
from rats exposed to 35 days of hypoxia. Taken as a whole, 
these data indicate that in chronic hypoxia, defects in relax
ation may develop over time, first at the level of the endothe
lium, followed by soluble guanylyl cyclase, followed by 
alterations in smooth muscle response to cGMP. Even briefer 
periods of hypoxia disrupt responses to exogenous nitric 
oxide in newborn piglets, indicating increased sensitivity to 
hypoxia during the early newborn period (Tulloh et al., 
1997). 

Congenital Heart Disease Pulmonary hypertension com
monly develops in infants with congenital heart lesions that 
are associated with increased pulmonary blood flow, such as 
truncus arteriosus or atrioventricular canal. If the heart lesion 
is not corrected, vascular changes of medial and intimal 
thickening occur, which ultimately lead to luminal oblitera
tion. The obvious differences in pulmonary hypertension in
duced by a chronic increase in pulmonary blood flow from 
that induced by hypoxia has led to the development of spe
cific animal models. As described earlier, increases in shear 
stress stimulate endothelial cells to produce several modula
tors of vascular tone, including NO. Large aortopulmonary 
shunts have been successfully placed in the late gestation 
ovine fetus, producing a model with the greatest similarity 
to children with congenital heart disease (Reddy et al., 
1995). At 1 month of age, the ratio of pulmonary to systemic 
blood flow is approximately 2 to 1; and while pulmonary 
vascular resistance is low after birth, it rises to near systemic 
values by 4 to 6 weeks of age. Morphological changes occur 
at this time, characterized by extension of muscle into small 
peripheral arteries, medial hypertrophy of small muscular 
arteries, and an increase in the total number of vessels 
(Reddy et al., 1995). 

High pulmonary blood flow from these shunts produces 
complex functional alterations in NO-mediated vasodilation. 
While endothelium-dependent vasodilation is decreased in 
4 week old lambs, pulmonary vascular constriction to block
ade of nitric oxide synthase is enhanced and plasma concen
trations of cGMP are high (Reddy et al., 1996). Expression 
of eNOS, the a and [3 subunits of soluble guanylyl cyclase, 
and Type 5 phosphodiesterase are all increased in lung pa
renchyma from shunted lambs, and in situ hybridization and 
immunohistochemistry localized the increase in eNOS to the 
endothelium of small and large pulmonary arteries (Black et 
al., 1998b). These changes in NO-cGMP signaling are an 
interesting contrast to the changes observed in the ductal 

ligation model, indicating that pressure and flow may in
duce different abnormalities in endothelium-smooth muscle 
signaling. 

Pulmonary hypertension can be dramatically exacerbated 
following cardiopulmonary bypass even in very young in
fants. Microemboli, neutrophil activation and sequestra
tion, interruption of normal pulmonary blood flow, exces
sive thromboxane production, hypoxic vasoconstriction, and 
platelet adhesion all occur, and may disrupt endothelial func
tion . If the endothelium is producing large amounts of NO 
prior to bypass, it is easy to envision that its disruption fol
lowing bypass could shift the balance toward vasoconstric
tors such as endothelin. 

Clinical Importance of the NO-cGMP 
Pathway in PPHN 

RESULTS OF CLINICAL TRIALS 

To restore the normal transition in infants with PPHN, a 
vasodilator selective for the pulmonary circulation is needed. 
Nitric oxide is a gas, which allows it to be delivered directly 
to the lung. Further, the systemic circulation is protected 
because NO is rapidly inactivated by its combination with 
hemoglobin, forming nitrosohemoglobin and subsequently 
methemoglobin. Initial studies in animal models and human 
infants showed that NO inhaled at doses between 5 and 80 
ppm improved systemic oxygenation in newborns with per
sistent pulmonary hypertension without decreasing systemic 
blood pressure. The animal studies further showed that in
halation of 80 ppm NO for 24 hours did not increase lung 
inJury. 

The clinical applications of inhaled NO have been studied 
in a wide range of populations and disease states, but to date 
the results are most compelling in the hypoxic newborn with 
PPHN. In two multicenter, randomized, placebo-controlled 
studies of term infants with PPHN (Table I), inhaled NO 
significantly improved systemic oxygenation and decreased 
the need for ECMO by approximately 30% (Neonatal In
haled Nitric Oxide Study Group, 1997a; Roberts et al., 
1997). Although they report similar results (Fig. 9), the two 
studies used different concentrations of NO and enrolled 
quite different populations of infants. For example, although 
both studies enrolled infants with hypoxemia, documenta
tion of pulmonary hypertension was only required for entry 
in the Roberts et al. (1997) trial. The similar outcomes in the 
two different patient populations may indicate that the clini
cal response to NO is not completely determined by the un
derlying disease state. A third large multicenter trial of NO 
inhalation studied patients earlier in the course ofPPHN, and 
found a reduction in ECMO use similar to the two previous 
studies (Davidson et al., 1998). However, no study has 
shown that NO reduces the incidence of death, neurologic 
sequelae, or chronic lung disease, findings that have been 
attributed to the availability and efficacy of ECMO. Al
though inhaled NO is an extraordinary advance in the thera
peutic approach to PPHN, these studies clearly demonstrate 
that NO is not universally effective. 
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Authors N Entry criteria Initial NO dose Other therapies Outcome measure 

235 01 > 25 X 2, 20 ppm, HFV permitted (55%), Death, NINOS 
(1997a) ::>:34 weeks, may Increase surfactant permitted (72%) ECMO 

:514 days old to SO ppm 

Roberts 58 PPHN, 80 ppm NoHFV, Oxygenation 

eta/. (1997) ::>:37 weeks, surfactant permitted (PaO, >55) 

PaO, <55 

Davidson 
eta/. (1998) 

155 PPHN, 5, 20, or 80 ppm NoHFV, Death, 

:572 hours old, 
>37 weeks, 
PaO, > 40 < 100 

01, oxygenation index; HFV, high frequency ventilation. 

The correct clinical dose of inhaled NO is controversial. 
Animal studies, which allow for direct measurement of he
modynamics, indicate that pulmonary vascular ~esis.ta~ce 
decreases in a dose-dependent fashion. However, m chmcal 
studies, oxygenation and clinical efficacy were not different 
whether NO was inhaled at doses of 5, 20, or 80 ppm 
(Davidson et al., 1998). Potential toxicities of NO are im
portant in considering the ideal NO dose. NO is clinically 
delivered in combination with high concentrations of oxy
gen. This may favor the oxidation of NO to nitroge~ ~ioxide, 
which even in very low concentrations can acutely mJure the 
distal airways and alveoli, and disrupt the vascular endothe
lium. Furthermore, there may be increased production of 
superoxide due to inflammatory lung disease and high in
spired oxygen concentrations. When NO comes into contact 
with superoxide, peroxynitrites are formed that may dam.age 
surfactant associated proteins, inhibit surfactant functiOn, 
and cause cell damage. Another concern is that nitrosyl
hemoglobins formed when NO combines with hemoglobin 
are oxidized to methemoglobin. The balance of methemo
globin will depend on its rate of production, and the rate of 
elimination by methemoglobin reductase in the erythrocyte, 
an enzyme which has reduced activity in the newborn period. 

Post-treatment Pa02 

NINOS Roberts 

no surfactant ECMO, 
adverse sequelae 

Significant increases in methemoglobin(> 7% of total he
moglobin) occur commonly during delivery of doses of 80 
ppm to newborns. Finally, nitric oxide increases cGMP con
centrations in platelets as well as in vascular smooth muscle, 
which can inhibit platelet aggregation and adhesion. NO in
halation increases bleeding time in healthy adult humans by 
30%, and initial clinical trials indicate that premature infants 
treated with inhaled NO may have a very high incidence of 
intracranial hemorrhage. 

CONGENITAL DIAPHRAGMATIC HERNIA: 

A UNIQUE SUBSET OF PATIENTS 

Because of its unique pathophysiology, all of the previ
ously mentioned clinical studies using inhaled N<? speci.fi
cally excluded infants with congenital diaphragmatic herma. 
A multicenter trial enrolling only infants with CDH showed 
a significant increase in ECMO use following NO treatment, 
indicating that nitric oxide affects the hypoplastic lung 
adversely (Neonatal Inhaled Nitric Oxide Study Group, 
1997b ). The reason for this adverse effect is not clear. In 
some cases it may be due to poor lung recruitment due to 
surfactant deficiency. It is also likely that the hypoplastic 
pulmonary vasculature allows for sustained postnatal pul-

HIO 
90 

Need for ECMO 

• Control 

• NO 

NINOS Roberts 

Figure 9 Comparison of results of two major clinical trials (NINOS, 1997a; Roberts eta/., 1997) of NO 
inhalation in infants with PPHN. 
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monary hypertension when pulmonary blood flow increases, 
subsequently leading to rapid vascular remodeling and de
creased vascular smooth muscle responsiveness to NO. In
fants with hypoplastic lungs who are initially refractory to 
inhaled NO do respond after a period of ECMO support 
(Karamanoukian et al., 1994). This could result from im
proved lung recruitment due to restored surfactant synthesis, 
or possibly due to protection and recovery of the pulmonary 
vasculature during ECMO support. 

CLINICAL PROBLEMS ENCOUNTERED USING NO 
Inhaled NO is clearly not universally effective. In some 

cases, this may be due to lack of delivery to the target site. It 
is widely presumed that when NO is delivered as an inhaled 
gas, its small molecular weight allows it to simply diffuse 
through the pulmonary interstitium and vascular adventitia 
into the vascular smooth muscle cell. As discussed earlier, in 
reality, nitric oxide does not readily cross the adventitia of 
pulmonary vessels (Steinborn et al., 1994a). The clinical im
plication is that nitric oxide must be delivered to peripheral 
lung units to be effective, which can be difficult when paren
chymal lung disease is present. 

The clinical response to NO is more heterogenous than 
can be explained by lack of effective delivery to the lung 
periphery. Even a dramatic initial response to NO is often 
transient. To further complicate clinical use of NO, life
threatening rebound pulmonary hypertension may occur 
when NO is discontinued after only a few hours of inhalation 
(Miller et al., 1995). Rebound pulmonary hypertension oc
curs even if the initial response to inhaled NO was modest, 
and may leave the patient in worse condition than prior to 
initiation of NO. It is attractive to theorize that decreased 
expression of endothelial NOS in response to exogenous NO 
is responsible for this response. NO donor agents acutely 
alter NOS activity, but do not alter eNOS expression in pul
monary artery endothelial cell cultures (Sheehy et al., 1998). 
Chronic administration of NO downregulates soluble guan
ylyl cyclase activity in pulmonary vascular smooth muscle 
cells, indicating that the vascular smooth muscle cell may 
also alter its response to NO during prolonged exposures. 

ENHANCEMENT OF NO EFFECT 

Because NO must be delivered to peripheral lung units, 
clinical strategies designed to improve lung recruitment be
come critical components of successful therapy. Studies 
delivering inhaled nitric oxide in combination with high fre
quency oscillatory ventilation or exogenous surfactant indi
cate that these strategies may enhance the clinical efficacy of 
nitric oxide. Ventilation with oxygen-carrying perfluoro
chemicals is an exciting new experimental strategy that may 
improve lung recruitment in the face of severe surfactant 
deficiency or inactivation. Preliminary data indicate that the 
pharmacokinetics of inhaled nitric oxide are similar whether 
it is delivered to the perflurocarbon-filled or the convention
ally gas-ventilated lung. The combination of these two ther
apies may therefore represent an additional way to deliver 
nitric oxide in the face of severe parenchymal lung disease. 

Lung recruitment does not provide the whole answer to 
this clinical problem. It is important to note that the clinical 
efficacy of NO in the NINOS trial, which allowed use of 
lung recruitment strategies such as surfactant and high fre
quency ventilation, was not different than the Roberts et al. 
(1997) trial which restricted access to these therapies. After 
vascular injury, the adventitia, as well as the vascular smooth 
muscle cell, are sites of cellular proliferation in both animal 
models and human infants with PPHN. New reports indicate 
that the adventitia is metabolically active and produces 
superoxide. Furthermore, exogenous NO may induce super
oxide formation in endothelial and other cells (Munzel et al., 
1995; Sheehy et al., 1998). The relative intracellular activi
ties of superoxide and superoxide dismutase (SOD) provide 
a potential pathway for modulating the effects of nitric oxide 
in the lung (Fig. 10). By reducing NO clearance by super
oxide, SOD significantly enhances responses to nitric oxide 
in vitro (Cherry et al., 1990). A newly developed recombi
nant human Cu,Zn-SOD is being tested in infants at high 
risk for lung injury. Experimental studies indicate that SOD 
in conjunction with nitric oxide may decrease oxidative lung 
injury and enhance the physiological effects of inhaled nitric 
oxide (Davis, 1998). 

Similar to the animal models described earlier, some 
patients may not sustain a response to nitric oxide due to 

Figure 10 Diagram of potential points of the NO-cGMP signaling 
pathway that may allow for therapeutic intervention and enhancement of 
effect 
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abnormalities of vascular development or function. This may 
be due to altered content or activity of soluble guanylyl cy
clase or the cGMP phosphodiesterase isoenzyme. If so, in
hibition of cGMP phosphodiesterase activity may provide an 
avenue for increasing efficacy of inhaled nitric oxide in hu
man infants with PPHN by increasing cGMP concentrations 
(Fig. 9). Dipyridamole, which has been used for many years 
in humans, has significant inhibitory activity against cGMP 
phosphodiesterase. Dipyridamole augments the pulmonary 
vascular response to inhaled NO in adult patients with 
pulmonary hypertension following cardiopulmonary bypass 
(Fullerton eta!., 1997), and in some pediatric patients with 
pulmonary hypertension (Ziegler eta!., 1998). Dipyridamole 
may also prevent rebound pulmonary hypertension when in
haled NO is withdrawn (Ivy eta!., 1998b ), and thereby allow 
for safer transport of infants who fail to respond to inhaled 
NO. There is little experience to date with its use in human 
infants. Dipyridamole selectively dilates the pulmonary cir
culation in the ovine fetus by augmenting the response to 
endogenous NO production (Ziegler eta!., 1995 ). However, 
dipyridamole inhibits other phosphodiesterase isoforms in
volved in cAMP metabolism, and its use must be approached 
with caution in the newborn period. In newborn lambs with 
PPHN, dipyridamole decreased pulmonary vascular resis
tance, but produced marked systemic hypotension at the 
same time (Dukarm ct a!., 1998). Although the use of lower 
dipyridamole doses avoided systemic hypotension, they did 
not enhance the effect of inhaled NO. 

Experimental pharmacological inhibitors such as zapri
nast (M&B 22,948) and E4021 have more recently been de
veloped for the Type 5 phosphodiesterase, and may be more 
potent and selective than dipyridamole. When zaprinast is 
administered in combination with a threshold dose of inhaled 
NO (6 ppm) in the ductal ligation lamb model, the drop in 
pulmonary vascular resistance and increase in oxygenation 
are quadrupled compared to nitric oxide alone (Thusu eta!., 
1995). The combination of zaprinast and NO al.-.;o signifi
cantly increases the duration of vasodilation to inhaled NO 
(Ichinose eta!., 1995). 

If selective enough, phosphodiesterase inhibition may be 
effective even without the use of exogenous NO. For ex
ample, E4021, an experimental agent, is 100 times as potent 
as zaprinast for PDE5 (Saeki eta!., 1995 ), and has minimal 
to no inhibitory activity for other PDE isoenzymes. In new
born lambs with PPHN, increasing doses of E4021 result in 
selective pulmonary vasodilation without systemic hypoten
sion. Using this strategy, a pulmonary vascular response 
equivalent to 50-100 ppm inhaled NO is possible by using 
E4021 alone. 

Summary 

Persistent pulmonary hypertension of the newborn is a 
syndrome that results from stresses on the pulmonary vas
culature during critical developmental periods before or just 
after birth. Alterations in NO production and NO-cGMP 
signaling are clearly associated with PPHN, although it is 
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not as clear whether they directly prouuce PPHN. Inhaleu 
NO is now widely used to increase pulmonary blood ftow 
and correct hypoxia in newborns with PPHN, but the clinical 
response is often absent or not sustained. Other methods to 
increase cGMP concentrations, such as inhibition of super
oxide or cGMP-specific phosphodiesterase (PDE5 ), may en
hance the response to inhaled NO and allow more infants to 
respond, to respond to lower concentrations of NO, and to 
sustain their n':sponse. 
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