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CHAPTER 56

. (;linical Therapy with Inhaled
Nitric Oxide in Respiratory Diseases

William E, Hurford, Wolfgang Steudel, and

Department of Anesthesia and Critical Care
Massachusetts General Hospital
Harvard Medical School
Boston, Massachusetts

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

IDLY APP) : INTS
. LABCI;;EI? TO TREAT PATIENTS. SINCE THE REPORTED APPLICATIONS OF INHALED NO N
MO;'ARY HY/; EoRRs (FRO?’II;EI.L et al., 1991} AND IN ADULT PATIENTS WITH PRIMARY PUL.
“RTENSION (PEPKE-ZABA et al. 1991) )
& B i , HUNDREDS OF STUDIES H, 3l
DUCTED TO DETERMINE THE CLINK P
ICAL APPLICABILITY OF INHALED NO. IN § i
OF SEVERELY ILL AND HYPOXIC CHI .  mOuzs TS
> LDREN AND ADULTS INHALED NO
'y A
OXYGENATION AND SELECTIVELY REDUCES PULMON, o (ot

VENTIONAL (NEONATAL INHALED NITRIC
1997) or HIGH-FREQUENCY OSCILLATORY
SIGNIFICANTLY IMPROVE ARTERIAL OXYGENATION
OREAL MEMBRANE OXYGENATION (ECMO), an
! : ‘ DURE IN NEWBORN PATIENTS WITH HYPOXIC -
;A“: ;):1\; i Q&YEESE;NFT[\:\S;VER, IT REMAINS UNCERTAIN WHETHER NO INHALATION IM[’I;{g\SIII;]S
TS WITH SEVERE ACUTE LUNG INJURY.
NEW APPLICATIONS FOR NO INHALATION .

HAVE BEEN DISCOVERED. ST
G 3 NO SRED. STUDIES INDICATE
ED NO MAY DECREASE ISCHEMIA—~REPERFUSION INJURY (BACHA et al. 1996) AND

MAY BE US| ¥
SEFUL TO TREAT THROMBOTIC DISORDERS (ADRIE er al., 1996; NONG et al. 1997)
el LELI_, AFFIN{T%( OF SICKLE CELL HEMOGLOBIN, INHALED NO MAY PREVENT
"ELL CRISIS. THIS CHAPTER WILL REVIEW THE SE
CATIONS FOR INHALED NO THERAPY. ) TR CLca

OXIDE STUDY GROUP, 19974; ROBERTS et al.
VENTILATION (KINSELLA et al., 1997), can
AND REDUCE THE NEED FOR EXTRACORP

Background

that can be

Nitric oxide (NO) is a small, casily diffusible molecule

clinical conditions,

binding of NO 1o hemoglobin limits the action of NO in the

I simply by inhal . Because avid

Warren M. Zapol

monary vasodilator, in a variety of both animal models and

'l.'hc administration of inhaled NO often improves sys-
lemic oxygenation during acute lung injury, Commonly used

intravenously administered vasodilators diffusely release hy-
poxic pulmonary vasoconstriction within the lungs :mﬁ c;/n
worsen oxygcnation. 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

systemic circulation, inhaled NO produces selective pulmo-
nary vasodilation, a long-sought action that should be useful
in the treatment of many lung diseases. Muny studies have
concluded convincingly that inhaled NO is o sclz:cliv.c [;ul»

Nitric Oxide
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SecTION III Principles of Pathobiology

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 ef al., 1997) and the
assessment of pulmonary vascular reactivity in patients with
pulmonary hypertension (Fishman et «l., 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 of the newborn (PPHN)
is a clinical syndrome characterized by sustained pulmonary
hypertension and severe hypoxemia, resulting in cyanosis
that is unresponsive to oxygen therapy. Persistent pulmo-
nary hypertension of the newborn may be due to a varicty
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 O, 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 (ransplantation
Congenital and acquired heart disease
Chronic pulmonary hypertension
Ischemia-reperfusion injury
Antiplatelet effects
Acute chest syndrome in sickle cell disease
Bronchodilation

!

trations (FiO,), mechanical ventilation with high-frequency
oscillatory ventilation, hyperventilation and infusion of bi-
carbonate to produce alkalosis, inhalation treatments with
bovine surfactant, and intravenous vasodilator therapy. Where
available, extracorporeal membrane oxygenation is used to
treat severe hypoxemia. The anticoagulation and cannulation
of large vessels required for ECMO, however, is associated
with hemorrhagic complications. In adults receiving ECMO,
bleeding complications have been reported to occur in 88%
of patients (Anderson ef al., 1993). Bleeding at a rate of over
1.3 liters per day is common (Pesenti et al., 1988). In neo-
nates, intracranial hemorrhage occurs at a rate of approxi-
mately 15% of patients receiving ECMO [ECMO registry
of the Extracorporeal Life Support Organization (ELSO),
1996].

In 1992, Roberts et al. and Kinsella er al. reported that 80
parts per million (ppm) (Roberts e al., 1992) or 6-20 ppm
(Kinsella ef al., 1992) inhaled NO improved oxygenation in
newborns with hypoxic respiratory failure and PPHN. Sev-
eral controlled, randomized multicenter trials of the effects
of inhaled NO in near-term and term hypoxic newborn pa-
tients were reported in 1997 (Fig. 1) (Hoffman er al., 1997,
Kinsella et al., 1997; Neonatal Inhaled Nitric Oxide Study
Group, 1997a,b; Roberts et al., 1997). In the majority of
patients with PPHN and hypoxic respiratory failure, NO
improved oxygenation and decreased the requirement for
ECMO. The decisions to initiate ECMO were made by the
clinical team on the basis of center-specific ECMO entry
criteria and without knowledge of assignment of the patient
to the treatment group or placebo.

It is worthwhile to review several important studies. The
Neonatal Inhaled Nitric Oxide Study (NINOS) group of in-
vestigators studied 230 infants of at least 34 weeks gesta-
tional age with hypoxemic respiratory failure of various
ctiologies (Nconatal Inhaled Nitric Oxide Study Group,
1997a). They were randomized to receive 100% oxygen or
oxygen plus inhaled NO. The use of ECMO was reduced
significantly from 54% in the control group to 39% in the
NO group. The study did not find a change in mortality that
was statistically significant. Roberts and co-workers (1997)
randomized 58 infants with severe hypoxemia and PPHN to
receive nitrogen or 80 ppm NO.

Oxygenation doubled in 53% of the children receiving
inhaled NO versus 7% of controls. This initial effect was
sustained in 75% of infants with initial improvement and
resulted in a significant reduction in ECMO use from 1%
in control patients 1o 40% in newboms receiving inhaled
NO. Kinsella ef al. (1997) reported that NO inhalation and
high-frequency oscillatory ventilation were an effective
combination that may increase the rate of responsiveness o
inhaled NO. As opposed to studies in adults, in which the
ventilatory strategies called for a reduction in lung lt?ﬂﬂli_"

menl (see later), the use of high frequency oscillnu‘?ﬂ an

bination with inhaled NO is imy for maintaining
alveali open and possibly reducing barotrauma. In roIIuW"‘l’v
studies of children who received inhaled NO treatment
PPHN, neuradevelopmental scores and growth rates, s Welk.
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hgurc 1 Short-term effects of inhaled NO on systemic OXygenation in
infants with s'e‘verc hypoxemia and persistent pulmonary hypertension of
the n§wb0m, Treatment with nitric oxide inhalation (80 ppm at Fi0, 0.9 for
(Zl(z)mm, 112'—8)30), but not with placebo inhalation {control, n|lrogen71t Fio.
.9, 1= 28), after randomized signifi ) :
8). ly (p < 0.001) im-
g]{ove(i/p;)s[dun.lul PaQ, (A) and oxygenation index (B) compared with bas-
ine. Values are means -+ i i issi
ety s = SD. Reprinted with permission from Roberts er

as the frequency of airway disease and need for supple-
rflemal O,, were comparable to conventionally ventilated or
hCMQ-treated patients (Rosenberg er al,, 1997). In sum-
mary,lmha]ed NO improves oxygenation in many newborns
and significantly reduces the need for ECMO lNcnnutu]
Inhaled Nitric Oxide Study Group, 1997a; Roberts er af
.‘ 997). These findings have more recently been cunﬁrmu&
1n a third multicenter randomized trial (Clark er al., 2000).
The use of inhaled NO to freat PPHN deserves special
Emph.“m‘ Persistent pulmonary hypertension of the new-
o is a relatively uniform disease characterized by severe
Sg:llsl:gnap' \.'r!smu:v:mstrir:u'nnT By relieving pulmonary vaso-
cll'on, inhaled NO directly treats one of the major
bathological derangements of the disease. Consequently, the
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efficacy of NO in PPHN has been substantiated in mulii-
center, randomized, placebo-controlled trials
: Inhaded NO reduces the necessity for ECMO in newbomns
w:lAh PPHN and infants with hypoxie respiratory fuilure ni'
.‘";m."m. etiologies. This improvement in mmmg‘cmcnl will
_|:15;uf_v 1s continued use, because of the increased expense of
ECMO and its morbidity secondary 1o its invasive nature
nfntl the rk:ccs_sily for systemic anticoagulation Nevertheless.
ECMO remamns a necessary lifesaving therapy because iu-.
haled NO is not effective in all patients. .‘iuch patients
;"Z';:g) ::c:;:.:m i a facility providing the possibility of
Respiratory distress syndrome (RDS), or hyaline mem-

llr:mf' t_llse;m- of the premature newborn, is characterized by
a dchc!«.‘m.‘y or dysfunction of surfactant and is ofien a:e\‘oci-
ulcd‘ with acute PAH (Kinsella e7 af,, 1994), After pn)nx;siyl
prln:hminur,v studies of inhaled NO in the anwll\un[:
\?‘I!h RDS {Abman et al, 1993: Pclio\.n.'xl\i el al., I‘J;Jﬁl
S}ummmg and associates (1997) studied the effectof inhalhcd.
:\() ars ;md 20 ppm in pretenm neonates (without systemic
hypo or cc | malformations and mechanics
Vcnlllnll.‘('! at FiQ, > 0.5), They demonstrated that nn:i?ll
Oxygenation improved and that systemic arterial blood pres-
sure was unaffected during 4 | 5-min NO inhalation trial. The
c{onclusmn.\ of this study were extremely limited, however,
sinee lpuln]nnury artery pressure was not measured, and nnlx:
7% of the initially evaluated premature infants were included
in the study. There is concern that an inhibitory effect of NO
on plmchl:l aggregation might contribute to thc‘u:n:urrcncc af
intracranial hemarrhages in premature infants (Meurs of @,
!9‘J7|.. An increased rate of bleeding complications has bcc;;
nated in term infants (Neonatal Inhaled Nitric Oxide Stlld y
Gro\‘1|1. 1997h), but insufficient data have been published lc)n
confirm the safety of inhaled NO therapy in premature new-
barns. In neonatal lung diseases characterized by abnormal
lung development, such as cungenital di:nphmgn;nuc hernia
(Neonatal Inhaled Nitric Oxide Study Group, 1997b), in-
haled NO appears to be less effective or without bcncﬁl..

Acute Respiratory Distress Syndrome

Pulmonary Vascular Resistance

Rossaint er al. (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 (Dcllinger et al., 1998; Mankielow er al., 1997). In
some patl}ents, NO-induced pulmonary vasodilation was suf-
ficient to improve right ventricular performance (Rossaint er
al., 1995a). Tn children with ARDS, inhaled NO (20 ppm)
dccrx_eased mean pulmonary artery pressure (MPAP) by 25%
and increased cardiac index by 14% (Abman er . 1994)
InhaAled NO Z‘}ISO effectively relieved the pulmonar); hyper—l
lel‘l:SlOI] associated with the use of permissive hypercapnia in
patients with ARDS (Puybasset et al,, 1994).

Inhaled NO (40 ppm) decreased pulmonary capillary
pressure (Benzing and Geiger, 1994) and pulmonary trans-
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Figure 6  Efects of NO on oxygen affinity of red blood cells. Exposure to NO (80 ppm for 15 mi.n) shifted bm t;m leflil;h:
oxygen dissociation curve of hemoglobin S erythrocytes (left). The effect of NQ exposure on P50 of hemoglobin S erythrc
cytes was dose dependent (right). Values are means + SE. Reprinted with permission from Head ef al. (1997).

Nitrotyrosine residues were detected in the airwayAspeciv
mens of two infants requiring prolonged ventilation with NO
in this study. The relative contribution of NO inhal‘atio'n and
endogenous NO formation to nitrotyrosine fon_'matlon in Fhe
lung is unclear, however, because nitrotyrosine formauon
has been demonstrated in acutely injured lungs without the
exogenous administration of NO (Haddad ez al., 1994, Koloy
et al., 1995). Studies of survivors of ARDS treated with
inhaled NO reported no obvious differences in pulrflonary
function compared with ARDS patients not Lreatedl vxflth NO
(Lubr ef al., 1998). The doses of NO in current clinical use
are less than that received with cigareite exposure and are
nearly within the range encountered while breathing the air
of many urban centers (Lee ez al., 1997).

Methemoglobinemia

Blood methemoglobin concentrations have been regu-
larly monitored in clinical trials of inhaled NO in adults and
neonates (Dellinger ef al., 1998; Kinsella et al., 1997; Neo-
natal Inhaled Nitric Oxide Study Group, 1997a,b; Roberts er
al., 1997). The incidence of methemoglobinemia has befen
low. Its occurrence is more common in neonates and with
high inhaled doses, but it is usually well tnleratéd. T'here
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 occultred
in the setting of high doses (Hess et al., 1997). Ch_emlcal
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 e al., 1998;
Hogman ez 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 er al., 1997). Indeed, platelet inhibition
could be therapeutic, rather than detrimental. Nevcrthelgss,
a cautious approach to the possibility of worsened hl.ccdu?g
during inhaled NO therapy remains prudent, especmlly 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 effet.:ts.
Inhalation of NO may vasodilate the pulmonary circul:lmon
and increase blood flow entering the left ventricle. In patleflts
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 p_ul—
monary edema (Bocchi er al., 1994) during NO breath{ng
have been reported. This increase may be due tolsmall in-
creases in left ventricular volume associated with improved
right ventricular function that, in turn, produced exaggerated
increases in pulmonary capillary wedge pressure when t‘he
left ventricle is poorly compliant. Monitoring of left Ven[l‘.lC-
ular function may be indicated when inhaled NO is aFlmJn-
istered to patients with severe left ventricular dysfurlnctlon‘

Rebound hypoxemia and pulmonary hyperterfsmn may
occur after the sudden discontinuation of NO (Bigatello e?
al., 1994; Lavoie et al., 1996; Rossaint et al., 1993). It hzg
been suggested that the downregulation of endogenodusPIZH
synthesis by NO inhalation is responsible for reboun o
(Ma et al., 1996; Rengasamy and Johns, 1993).‘Dat:‘11 '
tained in rats with hypoxic pulmonary hypertension, h0SiS
ever, suggest that inhibition of endogenous NOfslynt Zn—
play a minor role in rebound PAH: no changes o 1un%\IOS
dothelial nitric oxide synthase (NOS) protein levels, R
activity, endothelium-dependent and »uu'lcpc’:\dcm e
dilation were reported after 3 weeks inlx;nllpg 20 i)"m
Lung guanylate cyclase activily was !ranswnll‘y' X ;cﬂvit)‘
after | week of NO inhalation, but gu:myl:l'k' cye lawk p
was normal after 3 weeks of NO inhalation (Frank ¢

1998).
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Rebound hypoxemia and pulmonary hypertension can be
anticipated, and attenuated by increasing the Fi0,, and, per-
haps, through the administration of phosphodiesterase in-
hibitors (Hess er al., 1997). The administration of a type
V phosphodiesterase inhibitor, dipyridamole, has been re-
ported to prevent rebound PAH following discontinuation of
inhaled NO (al-Alaiyan et al,, 1996; Ivy et al., 1998; Ziegler
etal, 1998).

Summary

Inhaled NO offers a novel therapy for the treatment of
pulmonary hypertensive diseases and the symptomatic re-
lief of hypoxemia. The use of inhaled NO reduces the nec-
essity for ECMO in newborns and infants with acute
hypoxemic respiratory failure. Proper indications, contrain-
dications, 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
acute disease states characlerized by pulmonary hyperten-
sion or hypoxemia (e.g., pulmonary embolism, severe PAH,
postpneumoncctomy pulmonary edema, acute rejection fol-
lowing lung transplantation) and of premature newborns
with respiratory failure remain to be completed. If such trials
are carcfully designed and conducted, we may define addi-
tional groups of patients that may benefit from, or may be
harmed by, inhaled NO. Chronic ambulatory inhaled NO
therapy may someday prove valuable for patients with pul-
monary hypertension. The use of inhaled NO continues to
be a unique and fascinating approach to studying and treat-
ing diseases as diverse as acute rejection of the transplanted
lung and sickle cell crisis.
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THE TRANSITION OF THE PULMONARY CIRCULATION FROM A HIGH RESISTANCE-LOW FLOW

CIRCULATION IN THE FETUS TO A LOW RESISTANCE~HIGH FLOW CIRCULATION IN THE NEW-

BORN IS A COMPLEX PROCESS THAT INVOLVES THE SIMULTANEOUS DOWNREGULATION OF

VASOCONSTRICTOR MEDIATORS AND UPREGULATION OF VASODILATORY MEDIATORS SUCH
i AS NITRIC OXIDE (NO). IN THE VAST MAJORITY OF INFANTS, THIS PROCESS OCCURS SPON-
TANEOUSLY AND QUICKLY AND DOES NOT REQUIRE ANY INTERVENTION. OCCASIONALLY,
HOWEVER, THE TRANSITION MAY BE DIFFICULT OR ABNORMAL, AND REQUIRE PROMPT
AND EFFECTIVE RESUSCITATION TO ENSURE A SUCCESSFUL ADAPTATION TO THE EXTRA-
UTERINE ENVIRONMENT.

ONE DISEASE THAT LEADS TO COMPLICATIONS DUIRING TRANSITION IS PERSISTENT PULMO-
NARY HYPFERTENSION OF THE NEWHORN (PPHN] WHICH IS CHARACTERIZED By FAILURE OF
THE PULMONARY VASCULAR RESISTANCE (PVR) T0 DHCREASE AFTRR Bierm, RESULTING IN
HYPOXIA AND S5 k STRESS, U\IU@:RST"\NI}]\‘U THE PHYSIOLOGY OF THE PULMONARY
CIRCULATION DURING THE TRANSITION FROM FETUS TO NEWBORN HAS HELPED NEONATOLO-
GISTS DEVELOP NEW TECHNIQUES FOR THE MANAGEMENT OF THIS SERIOUS CONDITION ASSO-
CIATED WITH HIGH MORTALITY AN MORBIDITY. FOR EXAMPLE, BECAUSE INFANTS WITH
PPHN EXHIBIT REDUCED NO SYNTHESIS, INHALED NO 15 NOW WIDELY
PULMONARY BLOOD FLOW AND CORRECT HYPOXIA 18 THESE NEON; Oriex MErHops o
INCREASE CGMP, SUCH AS INHIBITION OF CGMP seecie Type 5 PHOSPHODIESTERASE 1SO-
FORM (PDES5), EITHER ALONE OR IN COMHINATION WITH NO, ARE BEING INVE ATED AS
NOVEL THERAPEUTIC MODALITIES FOR TREATING THIS CONDITION. IT IS ANTICIPATED THAT

ED TO INCREASH

THIS CHAPTER WILL STRESS THE ROLE OF NO IN (1) THE NORMAL FETAL CIRCULATION,
(2) THE TRANSITION OF THE CIRCULATION AT BIRTH, AND (3) THE ETIOLOGY AND TREATMENT

e Copyright © 2000 by Academic Press.
Nitric Oxide 963 Al rights of reproduction in any form reserved.
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Events that Initiate Transition

The stimuli that seem to be most important in decreasing
PVR at birth are the thythmic 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 ef 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 o 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
(PG1,) is the arachidonic acid metabolite most studied in the
transition of the pulmonary circulation at birth. Prostacyclin
may be important in pulmonary vasodilation following
thythmic distention of the lung, but does not appear to me-
diate the pulmonary vascular response to oxygenation in the
fetus (Morin ez al,, 1988). Despite a large body of rescarch,
the importance of prostacyclin in the transition at birth re-
mains unclear.

Changes in NO-cGMP Signaling at Birth

Within 24 hours after birth, PA pressure decreases to ap-
proximately S0% of mean systemic arterial pressure (Fig. 6),
and slowly declines to adull values within the next 2-6
weeks (Rudolph, 1985), The immediate increase in oxygen
tension at birth alters the status of the smooth muscle and
endothelial cells of the pulmonary vasculatre (Fig, 7).
One immediate effect of the increase in oxygen is reversal of
the metabolic blockade of potassium channels in the smooth
muscle cell layer leading to potassium efflux and a return
of the membrane potential to the more polarized state typical
in the adult pulmonary circulation. This closes vollage-
dependent calcium channels leading to a decrease i cy-
tosolic calcium, relaxation of pulmonary vessels, and a
decrease in PVR.

After birth, eNQOS abundance increases and peaks at 2-3
days. Subsequently, eNOS decreases in most vessels by 6
days and is nearly absent in the distal pulmonary arteries of
adult animals (Halbower er al, 1994; Hislop er al., 1995).
Despite the postnatal decrease of eNOS in small arteries,
basal and stimulated production of NO from larger pulmo-
nary arteries continues to increase after birth (Abman et al.,
1991; Steinhorn ef al., 1993).

The decrease in PVR is further augmented by a rapid
increase in the oxygen-mediated availability of NO through

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 cndothelial 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 ef al., 1994b). ATP may stimulate endothelial NO
production cither by binding to purinergic receptors or di-
recily 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, increascs the blood concentrations of
bradykinin (Heymann er al., 1969). However, blockade of
bradykinin receptors does not block the pulmonary vasodi-
Jation to oxygen (Banerjee ef 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 al., 1997).
Therefore, whenever a stimulus initiates an increase in pul-
monary blood flow during (ransition, it increases shear stress
and creates a positive feedback loop in which increased NO
synthesis increases pulmonary blood flow still further. At
least o portion of the pulmonary vasodilation that results
from shear stress may be attributed to NO-mediated activa-
tion of K*-channels (Kv) in smooth muscle cells (Storme ef
al., 1999).

The pattern of expression of soluble guanylate cyclase is
similar to eNOS, with the highest levels of expression an
activity noted in the first days following birth, Furihermore:
within 1 hour following birth, PDES activity. protein, an

mRNA dramatically decrease in newborn Jamb and mouse
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Persistent Pulmonary Hypertension

Definition

T se 1

. lhe expec‘ted decrease in pulmonary vascular resistance
e a1]ncreass: in pulmonary blood flow described earlier do

Wways occur normally durin, ransiti
not a : g the transition to -
B extrauter-
(P; Il‘g\? Per51stent pulmonary hypertension of the newborn
r 10())(1)5[?he 1§sull. This syndrome complicates more than
g 00 I;ve bl{'[hs and up 0 10% of admissions to ime‘n
: urseries. There are no ki ; ‘
s S nown genetic factor:
o ; ; ACtOrS
nntoulvec‘l tfn its pathogenesis. Although it ca; oceur i:l preq
ature infants, PPHN is classically a di _
e 2 classically a disorder of the term

PPHN is i
g o ;1:1 tz)s fcl}?rac;euzcld by pulmonary hypertension caus-
extrapulmonar i ‘
e (Bl 103 oo mary shunting of blood and hy-

a clinical syndrome r.
- : ) e rather than
Carﬁquﬁc dlseasle, and is associated with a wide array of
vagofc anq respiratory disorders. PPHN may result when
soconstriction of structurally normal pulmonary vessels




7 o
occurs in response to acute asphyxia, or alveolar hypopu
due to parenchymal disorders such as hyaline membrane dts-
case or meconium aspiration syndrome. HoweYer 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 d§—
velops in utero in response to prolonged fetal stress, h-s,lﬁluxmi
and pulmonary hypertension. PPHN causes sut?stz?ntlfl (r:nlor
bidity and mortality in otherwise normal Ferm mf‘mts.' : in-
ically, once recovery occurs, neum.loglc sequelae are a
concern. Although there are theoretical concerns th{ltbixn
early insult may “imprint” the vasculatlure' unfavoral }ll
clinical outcome studies do not currefntly indicate that pul-
ary hypertension recurs later in life. )
mo;:;Zen)tllpy, over 1000 infants per year vyith PPHN regmrei
transport to specialized centers that provide extended hear
lung bypass, known as cxtracorporea.l mem.brung gxygena-
tion or ECMO. Although ECMO is hfc—‘savmg, it is gxpen-
sive, invasive, and carries a substantial risk of morbidity. By
design, cardiopulmonary bypass ‘will decreasc pulmona.:_yt
blood flow and pressure and therefore may 1nd1rect1y ber: i
the pulmonary vasculature. However it is not speulg? t tehr-
apy designed to reverse PPHN. Thercfgre, understanding the
role of mediators such as nitric oxide in the abnormal tra:-
sition is important. This understanding should lead to cleve(—1
opment of safer, more effective therapies for PPHN an

ultimately its prevention.

Human Studies

It is difficult to measure endogenous nitric oxide produc-
tion in the newborn infant, and direct assay of NO pmﬁiulc-
tion by pulmonary endothelial cells is 1}0§ currently feamt'» e.
Therefore, the few studies in human mt'fmfs haye all hav.e
been based on more global measures of nitric oxlnde prodgc—
tion. Urinary nitrites and nitrates are Jower in infants with
PPHN than in healthy term infants (Dollberg et al., 1995).
Plasma cGMP concentrations are also Iow, and increase rap-
idly in response to inhaled NO (Christou ef al., 1997). M;J}”le
recently, eNOS expression was found to be absent in um il-
jcal vein endothelial cells cultured from fou.r out of six in-
fants who subsequentily developed PPHN (Ylllapegva et al:,
1998). Taken together, these studies provide dercct. eyl—
dence for a deficiency of endogenous NO ‘producnon in in-
fants with PPHN. However, it is impossible to de)lermme
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
Alinical PPHN? Acute or chronic infusions of the nonspe-
cific NO synthase inhibitor, L-NA, in 1'-‘:lzu1 I:un'n_a_ |mnh.n:\.'
physiological abnormalities consistent with PPHN following
dciivrry (Abman ef al, 199 eman et al., l‘)‘)-l‘). Pul-
monary arterial pressure and pulmonary vascular rwsu«}ancc
are increased relative o control lambs, and hypoxemia re-

seerion 1T Principles of Pathobiology

sults due to shunting of deoxygenated blood across the Iur;}:
men ovale. These lambs are fully responsive m.mhalcd nitric
oxide and nitric oxide donor agents, and following birth lllv.L‘I'l'
pulmonary hypertension can be wmplckfly _ru(w'crscd v.|||‘|
L-arginine. These findings suggest that inhibition or u.-‘
ereased activity of NOS could cause acute PPHN in xovmlv
infants. Of particular interest 1s that pcrsnvslcnl puwl‘tln‘rvl-\.x?i
hypertension develops in these |;u>mbs without us!t(ruldlcr
pulmonary vascular remodeling, Therefore, Mlm‘(;}“.‘ .(,:(
endogenous NO production uluqc is probably nnliu }|:le
o produce the full physiological and anatomic pictu
* I;:l'Lqu ‘;!'lﬂl targeted disruption of endothelial ur»ncun.mal
NOS offer an alternative experimental approach o mfusmn.\r
of pharmacological nhibitors. :slmm{gh mcnsum.rm:.m? ti)n
pulmonary hemodynamics are lcchm‘g‘ally chnlk.ng_lfll_
adult animals, and currently not fcnnhl:‘m the |1¢v.h‘;wmv
Disruption of endothelial or neuronal thlcx}\rcssif){i hj..-\
not increase perinatal mortality. AdulteNOS —/ ml‘c‘..‘ : \-1.‘
at most a modest increase in pulmonary v:u‘f}l':n‘ resistance
in 2 baseline unstressed state, but exhibit 4 striking cx.ag.zg.er-
ated physiological response and increase in n!llﬁfll‘)]l.\;"lj'.ll‘l‘t;fl
in peripheral arterioles in response l()‘ cven mil }1“‘ ..1
(Fagan et al., 1999; Steudel et al., I%\k\)..Inluw.\ungIAy..unnf
a 50% reduction of eNOS protein results in .;mgmcnl.\unn o
the pulmonary vaseular sensitivity to hypoxia,

Effect of PPHN on NO—-cGMP Signaling

Most studies have addressed the converse of t‘he previous
question: Is PPHN associated with alterations 1n NOS ex-
pression and/or activity Similar to the pr-oblmnn in e'val}mjt»‘
ing the human studies. it must be kcp? in rpmd ﬂ:l“;t |t‘1t
difficult to differentiate whether alterations in speci cen
zymes are responsible for proFluc.ing P}’HN, or oclcur.u;ori:
sponse to it. Still, important msnghts into pathop 1y51(;4§i)i
and therapeutic options can be gained from the study of
mal models of PPHN.

PRENATAL DEVELOPMENT OF PULMONARY
S R ABNORMALITIES
VA;Ce[\iI‘hi)ms who die due to idiopathic pc.r.\islum pulmonary
hypertension of the pewborn display an mcn.":?sc mf [11'1‘1::“';
nary arterial medial smooth musele and cxl‘cn:.mn U; W ; ‘-.nd
to normally nonmuscular pulmonary arteries Illav.uvn y }w-
Reid, 1976; Murphy et al., 1981). '”-lc muwf:k cells J:tsting
quently surrounded by heavy elastic lan}mae, sugge e
they I’('mncll several weeks before death. I-.urlh‘er, the;esxl i
tomic changes are observed in infants dying in ﬂ.]ed ‘r[mu-
hours of life, which strongly suggests that an alteres ~1¥1n .
terine environment may produce structural changes }
ary circulation of the fetus. y
pl]lf[‘noolllugy the antenatal development of F!’Iil\. m.lrl oy
models of persistent pulmonary hypcrlunmun hm_t, ‘-‘of e
veloped in the fetal lamb. The rz:lmnicly llargc ‘t":“n -
fetal lamb makes it suitable for surgnca! interventi "
physiological study as a fetus and immediate newbor.

autering
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thermore, the ewes tolerate uterine surgical intervention
well, and are relatively resistant to premature labor.

Ductal Constriction or Ligation In the normal fetus,
diversion of right ventricular output away from the lungs
across the ductus arteriosus may be an important mechanism
that protects against remodeling of pulmonary resistance ar-
teries. PPHN is more common in postterm newborns, which
may be due to intrauterine constriction of the fetal ductus
arteriosus. A rare cause of PPHN in infants is prenatal con-
striction of the ductus arteriosus duc to maternal ingestion
of prostaglandin synthesis inhibitors. The most common
model currently in use for the study of PPHN is the ductal
ligation model.

Following surgical constriction of the ductus arteriosus,
pulmonary blood flow acutely increases. However, within
2 hours pulmonary blood flow decreases back to baseline
while pulmonary vascular resistance remains high. Fetal
lambs born 7 to 14 days following ductal constriction or
ligation have persistent pulmonary hypertension (Abman et
al., 1989; Morin, 1989), with all the physiological hallmarks
of the human syndrome, including pulmonary arterial pres-
sure equal to aortic pressure and hypoxemia unresponsive to
ventilation with 100% oxygen. Structural alterations also oc-
cur, including extension of smooth muscle into the normally
nonmuscular distal arteries and the formation of periadven-
titial fibrosis surrounding the intraacinar arteries (Wild et al.,
1989) (Fig. 8). These changes are identical to those observed
in human infants.

Activity, message, and protein content of endothelial ni-
tric oxide synthase are decreased by approximately 50% in
lung extracts of ligated compared to control fetal lambs
(Black et al,, 1998a; Shaul et al., 1997; Villamor et al.,
1997). Preliminary studies indicate that neuronal NOS ex-
pression in the peripheral arterioles is also decreased (Tzao
et al.,, 1999). The pulmonary vasculature of ductal ligation
lambs dilates in response to nitric oxide inhalation, but high
concentrations are required to decrease pulmonary arterial
pressure and pulmonary vascular resistance to near normal
levels. This may be due in part to increased production of
potent competing vasoconstrictors such as endothelin-1.
However, this response pattern to exogenous NO can also be
explained by other alterations in the nitric oxide—cGMP
pathway as described later.

Relaxations to atrial natriuretic peptide and ¢cGMP ana-
logs are similar in control and hypertensive lambs, indicating
that the remodeled pulmonary vessels relax normally when
cGMP concentrations increase sufficiently. However, in ad-
dition to decreased endothelial NO synthase content and ac-

tivity, soluble guanylyl cyclase content and activity are
decreased. Pulmonary arteries isolated from PPHN lambs
have diminished relaxations and cGMP accumulation in re-
sponse to sodium nitroprusside and nitric oxide gas com-
pared to controls (Steinhorn ef al., 1995). Protein contents
for both the o and B subunits of soluble guanylate cyclase
are decreased (Black et al., 1998a; Tzao et al., 1998), and
immunostaining localizes the decrease in sGC expression to

all levels of the arterial tree, with the most striking changes
in the smallest resistance arterioles. Cyclic GMP specific
phosphodiesterase activity appears to be elevated in PPHN
lambs, by a mechanism that may involve posttranslational
modification by phosphorylation. Increased phosphodiester-
ase activity would further depress the already decreased
¢GMP concentrations in response to endogenous and exog-
enous NO.

Abnormal Lung Growth Congenital diaphragmatic her-
nia (CDH) occurs when the diaphragmatic leaflets fail to fuse
early in gestation, allowing the bowel to migrate into the
chest cavity. Pulmonary hypoplasia occurs to a variable de-
gree, probably in proportion to the volume and duration of
intestinal herniation. In lung development, the vessels de-
velop in parallel with the conducting airways. As a result,
the pulmonary vascular bed in CDH is reduced in proportion
to the degree of pulmonary hypoplasia, and abnormal mus-
cularization of arterioles occurs as described earlier (Bohn er
al., 1987). Even with advanced support techniques such as
ECMO, mortality has remained nearly 50%.

CDH can be induced in approximately 50% of rat fetuses

after maternal ingestion of the herbicide nitrofen early in
gestation. In this model, eNOS mRNA and protein abun-
dance are decreased in the lung ipsilateral to the hernia
compared to lungs from unaffected littermates. Congenital
diaphragmatic hernia can also be surgically produced in the
second trimester in the fetal lamb. Physiological and ana-
tomic findings are similar to that seen in severely affected
human infants. In this model, NO synthase content and func-
tional activity are not altered in large pulmonary arteries
(Karamanoukian ef al., 1995). However, NO synthase activ-
ity is abnormal in pulmonary veins, with the most striking
abnormalitics observed in veins isolated from the smaller
lung ipsilateral to the hernia (Irish et al., 1998). Relaxations
to NO donor agents are normal in both pulmonary arteries
and veins, indicating that at least prior to birth the vascular
smooth muscle responds normally to NO. However, as de-
scribed later, even when there is an initial dramatic improve-
ment in oxygenation, infants with CDH are less likely to
sustain a response to inhaled NO.

POSTNATAL DEVELOPMENT OF PULMONARY
VASCULAR ABNORMALITIES

Hypoxic Vasoconstriction The development of acute
vasoconstriction and chronic hypertension in response to hy-
poxia is a key feature that distinguishes the pulmonary cir-
culation from the systemic circulation. In newborn and adult
animals, acute hypoxia produces a prompt rise in pulmonary
artery pressure and pulmonary vascular resistance. However,
hypoxic vasoconstriction appears to be attenuated in the
early newborn period, and increases strikingly with postnatal
age (Fike and Hansen, 1987). This attenuation correlates
well with the rapid alterations in NO—~cGMP signaling that
oceur at birth and favor sustained increased cGMP concen-
trations and pulmonary vasodilation. The site of hypoxic
vasoconstriction also varies with postnatal age. In contrast
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Figure 8 Example of pulmonary arterioles fiom normal near-term fetal lam s F
In PPHN, the arterioles have a muscularized arterial wall, double elastic lamina (arrows), and adventitial proli

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,
1992; Raj and Chen, 1986). )

The role of NO synthase in modulating acute hypoxic
pulmonary vasoconstriction remains controversial. Nilﬁc
oxide synthase inhibitors potentiate hypoxic vasoconsiric-
tion in newbom piglets and lambs (Gordon and Tod, 1993),
suggesting that endogenous NO production may attenuate
hypoxic vasoconstriction. However other studies demon-
strate that decreased oxygen tension inhibits NO synthase
expression and activity in fetal lambs (North et al., 1996;
Shaul et al., 1992), and exhaled NO and NO metabolites fall
during acute hypoxia in perfused lungs isolated from new-
bom piglets (Nelin er al, 1996). Studies examining the new-
born response to hypoxia following knockout of the NOS
gene would be helpful, but have not been done because of
the technical challenges.

Chronic Hypoxia Prolonged hypoxia following birth is
an important cause of PPHN, and a widely used model for

bs (A) and from lambs with PPHN following ductal ligation (B).
feration. From Wild er al. (1989),

its study. Neonatal pulmonary vascular smooth mu.wl'c cells
respond 1o hypoxia with a more vigorous proliferative re-
sponse than adult cells, leading rapidly to structural changes.
The vasculature of newbom piglets expased to 72 hours af
hypoxia from the moment of birth retains a fetal shape and
spacial relationship, and the vascular s h mul&clu cells
retain a fetal phenatype (Haworth, 1988). In addition 1o re-
taining the fetal potential for smooth muscle cell prolifera-
tion, there is enhanced accumulation of extracellular matrix
connective tissue components.

Important f al changes in NO-medi elaxatio
accompany these structural changes. Endothelial nitric oxide
synthase expression and activity are decreased in ncw}wﬂ:
animals exposed to chronic hypoxia (Fike el afl., 1998
Hislop ef al., 1997; Orton e al., 1988). This is in contrist l:;
the multiple studies indicating that in adult rats, prulmll!eb.
hypoxia enhances expression of NOS (Lecras ef al., IW %
Shaul et al., 1995), and that this upregulation oceurs pre
cisely at the onset of vascular remodeling (Xue and JO“":-"
1996). Further investigation will help delineate whell 5'-'
these opposite findings represent important dcv.'clnpmi!fl‘l 3
ferences in NO synthase function, or whether chronic by

| relaxations
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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 er al., 1996). Expression
of eNOS, the o and 3 subunits of soluble guanylyl cyclase,
and Type 5 phosphodiesterase are all increased in lung pa-
renchyma from shunted lambs, and in sifu 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 of PPHN, and
found a reduction in ECMO use similar to the two previous
studies (Davidson er 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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Table I Characteristics of Multicenter, Randomized, Placebo-Controlled Clinical Trials of Inhaled NO for PPHN

Initial NO dose

Other therapies Outcome measure

Authors N Entry criteria e
, rmitted (55%), Death,
o1>25X2, 20 ppm, HEV permiied (53
le\llg; ) o =34 weeks, may mncrease surfactant permitted (72%) ECMO
) =3 s
=14 days old to 80 ppm .
Oxygenation
PPHN, 80 ppm No HFV, ‘ -
Ruber;s(l997) * =37 weeks surfactant permitted (Pa0, > 55)
etal. = s,
Pa0, < 55 \
Deatl
avids: PPHN, 5, 20, or 80 ppm No HFV, 3
e a no surfactant ECMO,

=72 hours old,
>37 weeks,
Pa0, > 40 < 100

et al. (1998)

adverse sequelae

OI, 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 rcsista!me
decreases in a dose-dependent fashion. However, in clinical
studies, oxygenation and clinical cfficacy were not different
whether NO was inhaled at doses of 5, 20, or 80 ppm
(Davidson et al., 1998). Potential toxicitics of NO ‘arg 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 nitrogen dioxide,
which even in very low concentrations can acutely injure the
distal airways and alveoli, and disrupt the vascular endothe-
lium. Furthermore, there may be increased production of
superoxide due to inflammatory lung diseasc apd 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 erythroc?/le,
an enzyme which has reduced activity in the newborn period.

Post-treatment Pa0,,

100
90
an
70
60
50
40
30
20

Pa02 (mm Hg)

NINOS Roberts

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 NQ spcc1_ﬁ—
cally excluded infants with congenital diaphragmatic hernia.
A multicenter trial enrolling only infants with CDH showed
a significant increase in ECMO use following NO trefltment,
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 duc to poor lung recruitment due !o
surfactant deficiency. Tt is also likely that the hypoplastic
pulmonary vasculature allows for sustained postnatal pul-

Need for ECMO

100
00 W Control
BO H NO
70
u
E 60
= 50
& 40
L 30
20
10
0
NINOS Roberts

Figure 9  Comparison of results of two major clinical trials (NINOS, 19974; Roberts ef al., 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 Lo 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 (Steinhorn 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 EFreCT

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
itis 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 ez 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, cxogenous 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
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Figure 10  Diagram of potential points of the NO—cGMP signaling
pathway that may allow for therapeutic intervention and enhancement of
effect.




013

978

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 phosphodiestcrase 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 ¢r al., 1997), and in some pediatric patients with
pulmonary hypertension (Zicgler et al., 1998). Dipyridamole
may also prevent rebound pulmonary hypertension when in-
haled NO is withdrawn (Ivy et al., 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 ¢t al., 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 e al., 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 ef al.,
1995). The combination of zaprinust and NO also signifi-
cantly inereases the duration of vasodilation to inhaled NO
(Ichinose er al., 1995).

If selective enough, phosphodiesterase inhibition may be
effective even without the usc of exogenous NO. For ex-
ample, F4021, an experimental agent, is 100 times as potent
as zaprinast for PDES (Saeki ef al., 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-
ston. 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 produce PPHN. Inhaled
NO is now widely used to increase pulmonary blood flow
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 (PDES), may en
hance the response to inhaled NO and allow more infants to
respond, to respond to lower concentrations of NO, and (o
sustain their response.

References

Abman, S. FL, and Accurso, . J. (1991). Sustained fetal pulmonary vaso-
dilation with prolonged natriwretic factor and GMP infusions, An, /.
Physiol. 260, HI183-H192,

Abman, S, H., Shanley, P. F., and Aceurso, F. ). (1989), Failure of postnatal
adaptation of the pulmonary circulation after chronic intrauterine pul-
monary hypertension in fetal lambs. /. Clin, Invest. 83, 1849—1858.

Abman, S. I1., Chatlicld, B. A., Hall, S. L., and McMurtry, 1. F. (1990),
Role of endothelium-derived relaxing factor during transition of pul-
monary cireulation at birth, Am. J. Physiol. 259, HI192]1-H1927,

Abman, S, H., Chatficld, B. A., Rodman, D. M., Hall, S, L., and McMurtry,

E (1991). Maturational changes in endothelium-derived telaxing fuc-
tor activity of ovine pulmonary arteties in vitro. Am. J. Physiol 260
L280~L.285

Banerjee. A., Roman. C., and Heymann, M. A. (1994), Bradykinin teceptor
blockade does not affect oxygen mediated pulmonary vasodilation in
fetal lambs, Pediatr. Res. 36, 474-480),

Black, S. M., Johengen, M. J., Ma, Z. D., Bristow, J., and Soifer. 8 |
(1997). Ventilation and oxygenation induce endothelial nitric oxide syn-
thase gene expression in the lungs of fetal Tambs. J. Clin, Ivest. 100,
14481458

Black, 8. M. Johengen. M, J., and Soifer, S. J. (1998a). Coordinated regu
lation of genes of the nitric oxide and endothelin pathways during the
developiment of pulmonacy hypertension in fetal lambs. Pediarr Res,
44, 821-830)

Bluck. S, M., Fineman, J. R, Steinhorn, R, H.. Bristow, J.. and Soifer, S
(1998b). Altered molecular expression of nilric oxide synthase in a
lamb model of increased pulmonary blood flow. Am. J. Physiol. 275,
HI1643-HI1651.

Bloch, K. D., Filippov, G., Sanchez, L. S., Nakane. M., and delaMante,
S ML (1997), Pulmonary soluble guanylate cyclase, a nitric oxide recep-
tor, is increased during the petinatal period, Am. J. Physiol. 272,
L400-1L406.

Bohn, D,, Tumura, M., Perrin, D., Barker, G.. and Rabinovitch, M. (1987),
Ventilatory predictors of pulmonary hypoplasia in congenital diaphiag-

matic hernia. confirmed by morphologic assessment. L Pedian: 111,
423-431

Cherry, P. D., Omar, H. A, Farrell, K. A., Stuart, . S., and Wolin, M. S
(1990). Superoxide anion inhibits cGMP-associated bovine pulmonary:
arterial relaxation. Am /. Physiol. 259, H1056--H1062

Christou, I, Adatia, L, VanMarter, L. J., Kane, J. W. o
Stark, A, R., Wessel, D. L. and Kourembanas, S. (1997), l:”c‘l."l
of inhaled nitric oxide on endothelin-1 and cyclic guanosine 5=
monophosphate plasma concentrations in newborn infants with per-
sistent pulmonary hypertension. J. Pediatr: 130, 603611 5

Crawley, D. E., Zhao, L., Giembycz, M. A, Liu, S., Barnes, P. J.. Winter,

R. J. D., and Evans, T. W. (1992). Chronic hypoxia impairs snlu‘blc‘
at. Ant.

hompson, J. i,

guanylyl eyclase-mediated pulmonary arterial relaxation in the i
J. Physiol, 263, 1.325-1.332
Cummings. 1. 1. (1997). Nitric oxide decreases lung liguid production in
fetal lambs. An. J. Physiol. 83, 1538—1544 :
D' Angelis, C., Nickerson, P A., Steinhorn, R. H.. and Muorin . E G
H:JUNL Heterogeneous distribution of soluble guanylate cyclase i the
pulmonary vasculature of the fetal lamb. Anat. Rec. 250, 62-69.




