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Abstract: Pulmonary hypertension of the newborn is caused by a spectrum of functional and structural

abnormalities of the cardiopulmonary circuit. The existence of multiple etiologies and an incomplete

understanding of the mechanisms of disease progression have hindered the development of effective

therapies. Animal models offer a means of gaining a better understanding of the fundamental basis of the

disease. To that effect, a number of experimental animal models are being used to generate pulmonary

hypertension in the fetus and newborn. In this review, we compare the mechanisms associated with

pulmonary hypertension caused by two such models: in utero ligation of the ductus arteriosus and chronic

perinatal hypoxia in sheep fetuses and newborns. In this manner, we make direct comparisons between

ductal ligation and chronic hypoxia with respect to the associated mechanisms of disease, since multiple

studies have been performed with both models in a single species. We present evidence that the mecha-

nisms associated with pulmonary hypertension are dependent on the type of stress to which the fetus is

subjected. Such an analysis allows for a more thorough evaluation of the disease etiology, which can help

focus clinical treatments. The final part of the review provides a clinical appraisal of current treatment

strategies and lays the foundation for developing individualized therapies that depend on the causative

factors.
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OVERVIEW/INTRODUCTION

Pulmonary hypertension of the newborn (PHN) is a clini-

cal disease usually characterized by dysregulation or devel-

opmental abnormalities of the pulmonary microvascula-

ture. Afflicted infants can have aberrantly reactive or overly

muscular vessels, and newborns with either acute or chronic

disease have difficulty adapting to breathing during the

birth transition and early postnatal period. There are a

number of risk factors that may predispose newborns to

the development of this disease, including high-altitude

living, maternal malnutrition, placental insufficiency due

to environmental factors or diseases such as preeclampsia,

and other pregnancy complications such as staphylococcus

infection or meconium aspiration. Because of the morbid-

ity associated with this group of maladies and the large

number of people predisposed to developing disease be-

cause of environmental factors or other causes, it is imper-

ative to further understand the etiology of PHN in the

hopes of finding effective treatments. Most research related

to understanding the development and treatment of this

disease is now carried out on experimental models.

There are a number of techniques for causing pulmo-

nary hypertension (PH) in animal fetuses and newborns

for research purposes. Some of the most commonly used

experimental models of pulmonary vascular dysfunction

are in fetal lambs, including chronic ligation of the ductus

arteriosus to directly increase pulmonary pressure,1-3 surgi-

cal left-to-right shunt to increase pulmonary blood flow,4,5

and long-term maternal hypoxemia to reduce fetal oxygena-

tion.6-8 Ligation of the ductus arteriosus significantly re-

duces the amount of blood that bypasses the lung, forcing

a larger portion of cardiac output into an underdeveloped

pulmonary vascular bed. The increased blood flow through
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the lungs and its vasculature, which would normally occur

only after birth, coupled with the high intrinsic tone of the

fetal pulmonary vessels, leads to grossly elevated pulmo-

nary vascular pressures. On the other hand, our laboratory

and others find that placing pregnant sheep in a rarefied

environment, resulting in long-termmaternal and fetal hyp-

oxia, leads to moderately elevated pulmonary vascular pres-

sures in the offspring.6-8 This methodology used to induce

PH in newborn animals has been used with large- as well as

small-animal models, including pigs,9,10 calves,11 mice,12,13

and rats.14-16 Dr. Llanos’s research group from the Centro

Internacional de Estudios Andinos (INCAS) and Universi-

dad de Chile in Santiago6,7,17-19 and our group from Loma

Linda University in California, in collaboration with the

White Mountain Research Station (WMRS),8 both use ma-

ternal and postnatal high-altitude hypoxia to cause PH in

sheep. In both the ductal-ligation and high-altitude exper-

imental models, the resultant high pulmonary vascular re-

sistance (PVR) causes back pressure on the right heart,

leading to cardiac hypertrophy and insufficiency.

In this review, we compare the mechanisms associated

with PH due to ductal ligation and those associated with PH

due to chronic antenatal and postnatal hypoxia in sheep

fetuses and newborns. By making comparisons between

studies using these twomodels, we show that the etiology of

disease is dependent on the type of stress to which the fe-

tus is subjected. Such an analysis has the potential of pro-

viding a deeper understanding of the possible causes of

PHN, which in turn can help focus future research and

clinical treatments. Toward this end, we provide a brief de-

scription of both of these animal models, followed by a

summary of what is known regarding their effects on regu-

lation of pulmonary gene expression as well as pathways

of vasoconstriction and vasodilation. The final part of the

review provides a clinical appraisal of current and forth-

coming treatment strategies with respect to what is known

about the etiology of disease in these experimental models.

IMPACT OF DUCTAL LIGATION ON

PULMONARY VASCULAR FUNCTION

Ligation of the fetal ductus arteriosus is a well-described

experimental method1,2 that has been used for simulating

primary PHN (PPHN) in an animal model.3,20,21 In brief,

pregnant ewes in the late stages of gestation (126–135 days;

normal full length is 147 days) are fasted for 24 hours

and then anesthetized under pentobarbital or another an-

esthetic agent. A hysterotomy is performed through the

anterior abdominal wall, and the left fetal forelimb is ex-

posed under sterile conditions. Polyvinyl catheters are ad-

vanced into the aorta from the axillary artery and secured

with sutures. Additional catheters are inserted into the fe-

tal left atrium and main pulmonary artery via a left-sided

thoracotomy and secured with sutures. The exposed duc-

tus arteriosus is partially or completely occluded via liga-

tion with umbilical tape; the fetus is then returned to the

uterus, and the uterine incision is sutured. The ewes are

allowed to recover while pressure and flow are monitored

from the inserted catheters. The control animals used

with this method include fetuses subjected to thoracoto-

mies and vascular instrumentation without undergoing

ductus ligation.

Ligation of the ductus arteriosus causes a decrease in

oxygen and nutrient delivery to the growing fetus while

simultaneously increasing pressures in the pulmonary

vasculature and right ventricle (RV). Animals with chronic

ductal ligation manifest elevated PVR and abnormal pul-

monary vascular reactivity to elevated levels of inspired

oxygen.3 More specifically, pulmonary artery (PA) pres-

sures in fetuses that undergo ductal ligation rise from ap-

proximately 54 to 72 mmHg.22 Ductal ligation also results

in substantial right ventricular hypertrophy, as evidenced

by higher RV free-wall weights (12.5 vs. 6.8 g) due to ele-

vated PVR and RV afterload.22 Moreover, there are changes

in contractile-protein expression that contribute to vessel

dysfunction. Specifically, actin and myosin expression in-

creases, with a disproportionate elevation in actin levels

and a depression in myosin ATPase levels. Taken together,

these findings suggest that animals with a ligated ductus

have stiffer pulmonary vascular myocytes and that these

cells cannot generate as much force.22

One of the key strengths of the ductal-ligation technique

is its utility for understanding the mechanisms of disease

due to high intrinsic pulmonary vascular pressures before

birth, as well as for evaluating novel treatments. Physiologi-

cal data can be collected from the fetus while the disease

develops, something not readily achieved in rodent models.

The fetus can then be delivered and its lungs and pulmo-

nary vessels harvested for various physiological and analyti-

cal studies, such as wire myography, bioimaging, mRNA

quantification, Western blot analysis, and immunohisto-

chemistry. Table 1 summarizes hemodynamic, right ven-

tricular, and vascular changes noted in this model by pre-

viously published studies.

IMPACT OF ANTENATAL HYPOXIA

ON PULMONARY FUNCTION

When a mother is at sea level and maternal alveolar par-

tial pressure for oxygen (PO2) is roughly 100 torr, the fetal

umbilical-vein PO2 is significantly lower,∼30 torr in sheep.26

Despite this low oxygen tension, fetal oxygen delivery and
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whole-body growth and development requirements are fa-

cilitated, in part, by the higher oxygen affinity of fetal he-

moglobin27,28 and elevations in cardiac output29 and capil-

lary density30 that enable improved tissue oxygenation.

Regardless of the facilitated oxygen delivery system, the fe-

tus is still quite sensitive to reduced oxygen tension, which

can have detrimental effects.

When a mother travels to high altitude, her alveolar PO2

falls in proportion to the altitude according to Boyle’s Law.

At the highest altitudes where humans are born (La

Rinconada, Peru: 5,100 m), the mother’s alveolar PO2 is

reduced substantially and can be as low as 35 torr. While

there are no published reports for arterial saturations of

fetal humans at this extreme altitude, studies performed on

our sheep housed at 3,801 m at the WMRS show that the

alveolar PO2 of the pregnant ewe is ∼65 torr, while the

postductal arterial PO2 of the fetus is 17–19 torr.
26 This rep-

resents a 35% decrease in the alveolar PO2 in the mother

and as much as a 35% drop in the arterial PO2 of the fe-

tus relative to that at sea level.26 When these findings are

extrapolated to humans, they represent a significant stress

to both the mother and her unborn child. From a human

health perspective, the WMRS and the INCAS station on

the Andean altiplano (3,600 m) are important because they

are at an altitude similar to that of major cities in the Andes

(La Paz, Bolivia: 3,650 m) and Himalayas (Lhasa, Tibet:

3,650 m) and therefore are representative of large high-

altitude population centers worldwide.

Diversity in acclimatization. Sheep are similar to hu-

man populations in that they are less tolerant of high-

altitude antenatal hypoxia than more resilient species, such

as llamas and yaks.19,31 The influence of antenatal hyp-

oxia on human health still varies among different pop-

ulations. Whereas newborn Tibetan and Andean children

adapt well to birth and life at high altitude, children born

to Han Chinese and European parents do not. Specifically,

following pregnancy at high altitude, human infants from

these nonadaptive populations display growth retardation

and elevated pulmonary vascular pressures,32-35 although

little is known regarding the extent of pulmonary vascu-

lar remodeling in human infants following antenatal hyp-

oxia.32-37

Many newborns that suffer significant antenatal hyp-

oxia adapt poorly to breathing air. Pulmonary vascular

myocyte and fibroblast growth and function become aber-

rant. There is increased pulmonary vessel muscularization,

as well as collagen and elastin deposition, which decreases

internal vessel diameter and peripheral arterial density. Al-

though we do not know the full extent of injury to the

sheep lung, housing pregnant ewes at 3,801 m for an ex-

Table 1. Mean pulmonary artery pressures, right ventricular hypertrophy, and pulmonary artery anatomic changes
in ductus arteriosus ligation (DAL) sheep model

Reference

Mean pulmonary artery
pressure changes, mmHg

Right ventricular
changes (RVH)

Pulmonary arterial
anatomic changes

DAL Control DAL Control DAL Control

Grover et al.23,a NA NA 0.71 ± 0.02 0.55 ± 0.02 65.4 ± 4 48.1 ± 3

Gien et al.24,b 77 ± 5, 79 ± 5 42 ± 2, 41 ± 2 0.82 ± 0.05 0.53 ± 0.03 NA NA

Belik et al.22,c 72.3 ± 3.8 54.1 ± 2 12.5 ± 0.7 g 6.8 ± 0.3 g 2.2 ± 0.19 0.85 ± 0.06

Abman et al.2,d 62 ± 3 48 ± 1 7.4 ± 0.5 g,
0.60 ± 0.02

5.8 ± 0.3 g,
0.49 ± 0.01

76.7 ± 7.6 53.3 ± 2.8

Jaillard et al.25,e Day 2: 52 ± 3;
day 8: 67 ± 4

Day 2: ∼44;
day 8: ∼49

0.75 ± 0.05 0.5 ± 0.04 17 ± 1 12 ± 2

Note: Values are means ± SE when available. Some values are approximations of the mean based on graphs or other figures
provided by the authors in the source materials, because of a lack of specific published values. RVH is expressed as RV=ðLV þ SÞ,
the weight ratio of right ventricle to (left ventricle plus septum), unless noted. Pulmonary artery anatomic changes are expressed as
percent of wall thickness, (2 × wall thickness/entire vessel diameter) × 100, unless otherwise noted.

a Ductus arteriosus constriction.
b Two different groups described in the same study.
c RVH expressed as absolute weight of RV free wall in grams. Pulmonary artery anatomic changes expressed as second- to fifth-

generation pulmonary artery combined actin content in micrograms per milligram of wet tissue.
d Partial DAL. RVH expressed as absolute weight and as RV/LV+S.
e Measurements performed on day 2 and 8 after partial DAL or sham control operation.
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tended period during gestation damages the fetal lung. In

fetal sheep, high-altitude gestation increased the medial wall

thickness of distal but not proximal portions of the PA

tree, compared to that in low-altitude controls.38-40 Func-

tionally, newborn sheep born at INCAS on the Andean alti-

plano (3,600m) and atWMRS in California (3,801 m) have

moderately elevated pulmonary pressures, exacerbated

hypoxia-induced pulmonary vasoconstriction, and modest

right ventricular hypertrophy.6,8 Robust segmental-analysis

procedures to assess changes in lung structure have not

been performed on newborn sheep born at INCAS or

WMRS,41,42 although these results suggest that antenatal

and perinatal hypoxia remodels the pulmonary vascular

structure. Table 2 summarizes hemodynamic, right ventric-

ular, and vascular changes noted in this model by previ-

ously published studies.

GROWTH FACTORS AND

TRANSCRIPTIONAL REGULATORS

Lung development is orchestrated by a wide array of

growth factors and transcriptional regulators. Hypoxia in-

ducible factor (HIF)43 and vascular endothelial growth fac-

tor (VEGF)44 are two of the best understood factors. There

are other important factors that are less well studied. These

include fibroblast growth factor, which is important dur-

ing the pseudoglandular stage,45-47 retinoic acid, which is

crucial in early lung development and likely important to

alveolarization,48 and bone morphogenetic protein (BMP)

and the BMP receptor 2, which have received substantial

attention for their importance in familial pulmonary arte-

rial hypertension,49 as well as transforming growth factor-

β signaling, which is important to branching morphogene-

sis and alveolarization.50-52 Although there are some reports

on the effects of ligation of the ductus arteriosus23 or ante-

natal hypoxia on the function of many of these growth fac-

tors, there are relatively few associated in-depth studies in

the sheep models.

Hypoxia inducible factor
HIF is a transcription factor that is regulated by oxygen

availability and subsequently modulates the expression

of multiple genes. It is best known for its stimulation of

erythropoietin transcription and consequent increase in

red blood cell production.53 Still, HIF is a central regula-

tor of the transcription of many genes. HIF levels are

elevated in human fetal lung in utero,54 and its activity

is central to normal lung development.43 This is exempli-

fied in the −/− HIF-1α knockout mice that do not reach

full term and have enlarged vascular structures, along with

impaired lung morphogenesis.55 Further illustrating the

importance of HIF to pulmonary vascular dysfunction,

HIF 1α-deficient (+/−) adult mice are protected from lung

malformations due to hypoxia. In these mice, PA pressure

elevations and RV hypertrophy are attenuated, compared to

Table 2. Mean pulmonary artery pressures, right ventricular hypertrophy, and pulmonary artery anatomic changes
in the high-altitude hypoxia (HAH) sheep model

Reference

Mean pulmonary
artery pressure

changes (mmHg)
Right ventricular
changes (RVH)

Pulmonary arterial
anatomic changes

HAH Control HAH Control HAH Control

Herrera et al.7,a 20.9 ± 1.1 13.7 ± 0.5 0.37 ± 0.017 0.328 ± 0.009 29.98 ± 2.96 21.09 ± 1.73

Blood et al.8,b 21.1 ± 1.9 16.1 ± 1.1 NA NA NA NA

Herrera et al.17,c ∼21 ∼12 NA NA 62 ± 4 48 ± 5

Note: Values are means ± SE when available. Some values are approximations of the mean based on graphs or other figures
provided by the authors in the source materials, because of a lack of specific published values. RVH is expressed as RV=ðLV þ SÞ,
the weight ratio of right ventricle to (left ventricle plus septum).

a High-altitude hypoxia defined as spending 70% of gestation at altitude, followed by return to sea level. Vascular smooth muscle
area of small pulmonary arteries (100–200 μm), presented as the relative difference of external and internal boundaries of the
tunica media.

b As measured in newborn lambs (10–14 days old) after gestation and delivery at high altitude and study at low altitude, versus
low-altitude controls.

c 8–12-day-old newborn lambs, gestated, born, and studied at altitude versus low-altitude controls. Percent wall thickness
expressed as [(external area−internal area)/external area] × 100; “areas” were defined by external and internal elastic lamina.
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those in wild-type mice, mainly as a result of reduced pul-

monary vascular remodeling.13 Similar results were noted in

HIF-2α-deficient heterozygote mice,12 suggesting that more

than one isoform is important to pulmonary vascular re-

modeling and function.

HIF activity is certainly labile and dependent on envi-

ronmental factors in the prenatal period. This idea of var-

ied HIF activity is exemplified in a fetal-lamb model of

respiratory distress, where delivery and mechanical ventila-

tion of lambs depresses HIF expression.56 Given that HIF

not only is vital to normal lung development but also re-

sponds to low oxygen tensions and plays an instigating

role in vascular malformations and the development of

PH, the lack of publications regarding the influence of duc-

tal ligation or chronic hypoxia on HIF function in fetal and

newborn lambs indicates that this is an important area to

pursue. This is especially intriguing because fetal and new-

born sheep from WMRS have an elevated hematocrit,8,57

the prototypical physiological response to tissue hypoxia

that is mediated by HIF-1α activation.53 Of critical impor-

tance to the fetal lambs exposed to antenatal chronic hyp-

oxia is that the elevated hematocrit compensates for the

reduced arterial O2 saturation at high altitude, maintain-

ing oxygen delivery to the growing tissues in the rarefied

environment.

Vascular endothelial growth factor
VEGF and its receptor are critical to angiogenesis in the

developing lung and are important mediators in pulmo-

nary vascular remodeling under hypoxic conditions.58

HIF-1 is directly coupled to VEGF function, where HIF

activation enhances VEGF production.59,60 The importance

of VEGF to lung development is supported by studies

where VEGF receptor activity was inhibited with Su-5416

in newborn rats. This novel synthetic VEGF receptor in-

hibitor impairs pulmonary vascular growth, reduces arte-

rial density, causes RV hypertrophy, and increases PA wall

thickness.61 These pathological changes parallel the influ-

ence of hypoxia on the cardiopulmonary circuit.

VEGF receptors are primarily responsible for endothe-

lial cell differentiation and maintenance as well as vas-

cular organization and permeability.62 Reduced VEGF

is also known to be important to disease in humans, be-

cause infants with PHN exhibit decreased plasma levels

of VEGF.63 Thus, there is an apparent association between

pressurization, HIF-1, and VEGF and impaired vascular

morphogenesis in response to hypoxic insults. Ductal li-

gation decreases VEGF production, and there appears to

be a selective compensatory increase in VEGF-R2, but not

VEGF-R1, receptor expression.24,64 At present, we do not

know how maternal and perinatal hypoxia affects VEGF

signaling in the fetal and newborn sheep lung, but since

hypoxia likely increases HIF activity in these animals, as

evidenced by the increased hematocrit, we suspect that

there may be vast differences, as compared to the imped-

iments in HIF-VEGF signaling due to ductal ligation,

which do not have elevations in red blood cell production.65

In light of the importance of VEGF in the pathophysiol-

ogy of PHN and PH, elucidating such interactions in the

different models used to simulate these diseases becomes

imperative.

MECHANISMS OF PULMONARY

VASOCONSTRICTION

PHN due to ductal ligation or antenatal hypoxia leads to aber-

rant vasoconstriction due to changes in varied pathways.

Most of the seminal details regarding pulmonary arterial

contraction are based largely on studies performed in

vessels and cells from adult animals. These examinations

show that there are two key mechanisms that regulate con-

striction of the pulmonary vasculature. Figure 1 provides

an overview of these pathways, with fundamental com-

ponents and the influence of ductal ligation and antena-

tal hypoxia described in the text. First is the distinctive

process of vessel constriction in response to acute tissue

hypoxia. Second is constriction to stimulatory agonists,

many of which act through G protein–coupled receptors

(GPCRs). There are many different agonists that cause

constriction. Several of the more potent vasoconstrictors

are endothelin-1 (ET-1), serotonin (5-HT), and prostaglan-

din F2α (PGF2α). These and other, less potent molecules,

such as norepinephrine (NE)25 and platelet-activating fac-

tor (PAF), stimulate Gq-coupled receptors that cause a sig-

naling cascade, which constricts the vessel. The signaling

pathways coupled to acute tissue hypoxia and receptor stim-

ulation overlap to a large extent and are highly organized

and sophisticated.

Hypoxia-induced pulmonary vasoconstriction (HPV)
HPV is an intrinsic property of the pulmonary vascula-

ture that serves to match ventilation to perfusion in the

normal lung. In the prenatal period, the hypoxic pulmo-

nary vasoconstrictive response helps to maintain high pul-

monary vascular tone throughout the lung and diverts

blood from the high-resistance pathways of the lung to the

low-resistance pathway through the ductus arteriosus and

foramen ovale. Chronic antenatal and perinatal hypoxia

can program the lung for exaggerated hypoxia-induced

pulmonary vasoconstrictive responses.6-8 Unfortunately, we

did not find any reports illustrating the effects of ductal
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ligation on HPV responses and thus do not have a good

basis for comparison.

Newborn human infants born at extreme altitudes

(Morococha, Peru: 4,540 m), where the alveolar PO2 is ∼50

torr, exemplify the pulmonary vascular problems with

birth at high altitude. Infants born in this rarefied environ-

ment had PA pressures of ∼60 mmHg, nearly as high as

systemic pressures, for the first 72 hours after birth. This

contrasts with infants born at sea level, where PA pres-

sure falls from ∼75 to ∼20 mmHg over that time pe-

riod.34 Although supplemental O2 or simply higher am-

bient PO2 may reduce pulmonary arterial pressures, there

appears to be long-standing perinatal hypoxic program-

ming of the cardiovascular system. Specifically, infants born

at high altitude had greater RV wall thickness throughout

their first year of life than sea level controls.66 This phe-

nomenon is indicative of persistent PH and may cause

lifelong complications. The elevated PA pressures in these

infants can be reduced to sea level values with supplemen-

tal oxygen.34,67 This indicates that the decreased change

in oxygen tension from the in utero circulation to breath-

ing air is a critical factor. Presumably, low inspired PO2

minimizes the stimulus for vasodilation at birth. Ulti-

mately, the reduced PO2 can promote sustained pulmonary

Figure 1. Pulmonary vasoconstriction is orchestrated. Neural, hormonal, and humoral mediators, as well as tissue hypoxia, constrict
the lung vasculature in utero and maintain a high level of fetal pulmonary vascular resistance. Many of these agonists work through a
Gq-coupled receptor pathway to activate a number of intracellular signaling systems that lead to pulmonary vascular smooth muscle
cell contraction. These pathways are detailed in the text and ultimately cause simultaneous activation of myosin light-chain kinase
(MLCK) and inhibition of myosin light-chain phosphatase (MLCP). The mechanisms associated with hypoxia-induced pulmonary
vasoconstriction are controversial but overlap those of the other mediators. Adult animal studies illustrate that the hypoxia-induced
pulmonary vasoconstriction response includes a combination of activation of L-type Ca2+ channels (CaL), ryanodine receptors (RyRs),
Rho-kinase, nonselective cation channels, and inhibition of K+ channels. A dashed green arrow indicates an activation pathway; a
dashed red line with a bar indicates an inhibition pathway; a dashed blue arrow indicates movement of calcium. CaM/CAMKII:
calmodulin and Ca2+/calmodulin-dependent protein kinase II; ClCa: calcium-activated chloride channel; CPI-17: C-kinase potentiated
protein phosphatase-1 inhibitor; DAG: diacylglycerol; Em: membrane potential; ET-1: endothelin-1; Gq: q alpha subunit of G protein–
coupled receptor; InsP3/InsP3R: inositol 1,4,5 triphosphate and associated receptor; Kv: voltage-dependent potassium channel;
MLC20/MLC20-P: 20-kDa myosin light chain and phosphorylated moiety; NE: norepinephrine; NSCC: nonselective cation channel;
PAF: platelet-activating factor; PGF2α: prostaglandin F2α; PKC: protein kinase C; PLC: phospholipase C; PP1c: protein phosphatase-
1c; RhoA/ROCK: Ras homolog gene family, member A, and associated kinase; SERCA: sarco/endoplasmic reticulum Ca2+-ATPase;
5-HT: serotonin.
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vasoconstriction and impede vessel relaxation and the nor-

mal drop in PA pressures. The resultant elevated pressures

may contribute to an increased prevalence of atrial septal

defects.68 Our data and those of the Llanos group show

that lambs born at high altitude in California or the An-

des are similar to humans in that they have modestly ele-

vated pulmonary pressures at sea level and exhibit highly

exaggerated HPV responses when they breathe rarefied air

with only 10% O2.
6-8,17

Cellular mechanisms of contraction
The cellular mechanisms responsible for pulmonary arte-

rial contraction due to acute hypoxia and GPCR activation

are complex and involve modulation of ionic and non-

ionic signaling pathways. The mechanisms of HPV have

been intensively studied for a number of decades, andmul-

tiple recent reviews and books outline these mechanisms

in detail.69-71 In general, hypoxia and Gq-coupled receptors

cause contraction through activation of a cascade of cellu-

lar signals. Depending on the mechanism of activation,

the signal is then amplified through modulation of Ca2+-

dependent and Ca2+-independent signals. Ca2+-dependent

signals are highly reliant on depolarization of the plasma

membrane as well as on activation of myo-inositol 1,4,5-

trisphosphate (InsP3) and ryanodine receptors (RyRs). The

Ca2+-independent pathways include generation of diacyl-

glycerol and coordinated activation of protein kinase C

as well as the Ras homolog gene family, member A (RhoA),

and Rho-associated kinase (ROCK). Ultimately, the signals

come together to enhance the phosphorylation and activity

of the 20-kDa myosin light chain (MLC20). Vasoconstric-

tion is achieved via the phosphorylating effect of myosin

light-chain kinase (MLCK) on myosin and its interaction

with actin. Myosin light-chain phosphatase (MLCP) acts

to dephosphorylate myosin, inducing smooth muscle cell

relaxation and subsequent vasodilation. The kinase and

phosphatase work synergistically, where GPCR activation

and acute hypoxia cause simultaneous activation of MLCK

and inhibition of MLCP, resulting in much greater con-

traction than would occur if only the kinase were activated.

Thus, the cellular and molecular mechanisms underlying

vascular contraction due to hypoxia and GPCR activation

provide numerous targets that hold promise for new thera-

peutics in the treatment of PH in the newborn. We high-

light some of the cellular mechanisms that are of current

interest.

Endothelin-1. ET-1 is a 21–amino acid molecule produced

mostly in the vascular endothelium. It is a potent vasocon-

strictor that activates 2 GPCRs in the pulmonary vascula-

ture that are coupled to Gq signaling systems. ET-1 causes

pulmonary vasoconstriction primarily through activation

of the endothelin receptor type A (ETA), while activation

of the endothelin receptor type B (ETB) can attenuate

this effect because of its high expression in vascular en-

dothelium.72 ET-1 signaling has received significant at-

tention in the setting of increasing levels in the lung

vasculature due to acute hypoxia and elevated PA

pressures.73 ET-1 is also thought to induce pulmonary

artery smooth muscle cell (PASMC) mitogenesis and is

likely involved with hypoxia-induced pulmonary vascular

remodeling that is critical to the development of PH.74 A

recent review by Shao et al.75 provides a detailed survey

of what is currently known about the contribution of

endothelins to human PA hypertension. Human neo-

nates with severe PPHN have high circulating levels of

ET-1. However, use of ETA and ETB blockers in human

patients is limited.75 Still, clinical studies with the non-

selective ET-1 receptor blocker bosentan have showed prom-

ising results and demonstrate their therapeutic potential in

adults76,77 and possibly newborns.78

Ductal ligation and chronic hypoxia both enhance ET-1-

mediated pulmonary vascular contraction in sheep. Ivy

et al.79 showed that in the ovine fetus, ductal ligation in-

creased ET-1 content 3-fold, while ET-1 receptor activity

was altered to promote vasoconstriction. ETB vasodilatory

effects were maintained during the first few days after the

onset of PH, but these eventually became suppressed.

Around the same time period, ETA-mediated vasoconstric-

tion became more pronounced, and this was concomitant

with an increase in pulmonary resistance.80 In PAs of new-

born sheep that were born andmaintained at high altitude,

chronic hypoxia increased the sensitivity of contraction to

ET-1.7 Yet such programming may occur after birth be-

cause ET-1 constriction was maintained in PAs from fetal

sheep exposed tomaternal chronic hypoxia.81

Although no comprehensive studies have been per-

formed in high-altitude fetal or newborn lambs, postnatal

chronic hypoxia disrupts many components of ET-1 signal-

ing in newborn piglets. More specifically, Noguchi et al.82

showed that chronic postnatal hypoxia caused persistently

high circulating ET-1 levels and increased ETA density and

binding throughout the entire pulmonary vasculature, with-

out the normally seen transient postnatal ETB expression

increase, a scenario that may impair vasodilation. Similarly,

Schindler et al.83 showed that PAs of chronically hypoxic

piglets had up to a 3-fold increase in contractile response

to ET-1, a lack of ETB-NO-mediated vasodilatory response

at 3 days after birth, and coconstriction with adjacent bron-

chi. Overall, the effects of chronic hypoxia on endothelin
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signaling in the pig lung are similar to those in the lamb

ductal-ligation model, suggesting that endothelin signal-

ing plays a role in PHN in both models. Specifically, the

data suggest that both ligation and hypoxia enhance con-

traction through upregulation of ETA activity and poten-

tially through concomitant suppression of ETB-dependent

vasodilation.

Platelet-activating factor. PAF is a potent phospholipid

that causes pulmonary vasoconstriction through activation

of Gq-coupled receptors.84 Ishii et al.85 illustrated that in

the lung, acute hypoxia upregulates PAF production; how-

ever, the effects are cell type specific. As it does for ET-1

and other signals, gestational age affects PAF in fetal

sheep. Specifically, PAF levels are high in near-term lambs

and fall shortly after birth.86 The high endogenous levels

of PAF in near-term lambs are likely to contribute to

high PVR in utero.86 Hypoxia upregulates PAF synthesis

and PAF receptor function and signaling and downregu-

lates PAF catabolism in late-stage fetal sheep, an effect that

contributes to the increase in PAF function.87,88 This in-

cludes heightened PAF-dependent, InsP3-stimulated Ca2+

release from intracellular stores.87

Chronic maternal hypoxia causes an increase in fetal

PAF levels through enhanced PAF synthesis and also in-

creases PA PAF receptor expression and PAF-related cell

growth.38 Although there is a substantial body of knowl-

edge regarding PAF signaling, there are still significant

knowledge gaps. Such details regarding the progression of

PAF signaling in the ductal-ligationmodel are currently unre-

solved. However, the parallels with ET-1 signaling during

development and with chronic maternal hypoxia indicate

that it is worthwhile to understand whether ductal ligation

has common effects on PAF and ET-1.

Serotonin. Serotonin (5-HT) is one of the most potent in-

flammatory vasoconstrictors and is primarily released from

platelets. This signaling molecule causes vasoconstriction

predominantly through activation of 5-HT2 Gq-coupled re-

ceptors on smooth muscle cells. However, a small portion

of their vasoconstrictor ability is through activation of Gi-

coupled 5-HT1 receptors that reduce cyclic adenosine mono-

phosphate (cAMP) vasodilatory influences.89 Serotonin ac-

tivation of 5-HT2 receptors, like activation of ET-1, PAF,

and other Gq-coupled receptors, causes constriction through

activation of Ca2+-dependent, as well as Ca2+-independent,

pathways. Recent studies indicate that 5-HT may be im-

portant to PHN, as infants born to mothers treated with

selective serotonin reuptake inhibitors during pregnancy

are at an increased risk of developing disease.90,91

In the fetal sheep, 5-HT exerts a constitutive vasocon-

stricting influence on the pulmonary vasculature via the 5-

HT2A receptor, as infusion of the selective agonist ketan-

serin results in significant decreases in PA pressure and

vascular resistance.92 Serotonin-dependent pulmonary ar-

terial vasoconstriction is then impaired by chronic hypoxia

in fetal,89 as well as newborn,8 sheep. These findings fol-

low from studies showing development of chronic hypoxia–

induced PH in rats and mice.93,94 We found that in the

fetus, antenatal maternal chronic hypoxia desensitized

the PAs to 5-HT at lower 5-HT concentrations. The desen-

sitization appears to be due to loss of 5-HT1-dependent

contraction, while 5-HT2 sensitivity is preserved. More-

over, the maximum contraction attained by 5-HT was

maintained. In the newborn, we find that chronic hyp-

oxia increased the maximal force due to 5-HT; however,

this remains proportional to high potassium depolariza-

tion–mediated contraction, and the sensitivity of arterial

contraction to 5-HT is retained. In contrast to the chronic-

hypoxia model, 5-HT signaling pathways appear to be

upregulated in ductal-ligated lambs. Delaney et al.92 have

recently shown that ductal ligation results in an increase

in 5-HT production by PA endothelial cells as well as an

increase in the 5-HT2A receptor in PASMCs. These data

suggest that 5-HT signaling may be differentially altered,

depending on whether the fetus is exposed to chronic hyp-

oxia or another type of stress that results in the develop-

ment of PHN.

Rho-kinase. Activation of Gq-coupled receptors by a vari-

ety of vasoreactive compounds, including 5-HT, NE, and

ET-1, activates RhoA signaling through ROCK, in parallel

with calcium signaling pathways.95 ROCK is a protein ki-

nase with 2 isoforms, ROCK I and II.81 Upon phosphor-

ylation, the substrates of ROCK are activated to initiate

a variety of cellular processes ranging from contraction

to cellular differentiation and mitogenesis. With regard

to vascular smooth muscle contraction, ROCK mediates

phosphorylation of the MYPT1 subunit of MLCP. Phos-

phorylation at threonine 698 and 853 in the human se-

quence of MYPT1 enhances sensitivity to Ca2+ by inhib-

iting MLCP.81 Importantly, ROCK helps to maintain

high PVR in the fetal lung. Thus, ROCK may contribute

to the increased vascular tone in neonatal PH. Much of

our understanding about ROCK is based on studies per-

formed in rodent models, with that information being

applied to the sheep models. In a chronic-hypoxia neona-

tal Sprague-Dawley rat model of PH, RhoA/ROCK activity

and expression were increased.15 In these neonatal rats

with PH, ROCK inhibition with fasudil or Y-27632 re-
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duced the elevated PVR, and yet the animals were unre-

sponsive to inhaled NO (iNO) or a systemic NO donor.

ROCK inhibition failed to reverse RV dysfunction, al-

though this was not necessarily unexpected, since reversal

of RV remodeling may require more time once PVR is

normalized.15

Examinations of ROCK function by Tourneux et al.96

in the ovine ductal-ligation model show that ROCK inhib-

itors reduce pulmonary pressures. Although we do not

know whether ductal ligation alters the expression or

function of ROCK signaling in smooth muscle, both ex-

pression and function are elevated in endothelial cells in

this model.97 Studies conducted by Gao et al.81 in chroni-

cally hypoxic fetal lambs showed that ROCK II protein

expression and overall ROCK activity were increased in

chronically hypoxic arteries. However, in veins, ROCK II

protein expression was reduced, as was ROCK activity.98

Our studies performed in PAs from these fetal sheep

show that ROCK is also important to contraction due to

membrane depolarization and that its function is main-

tained following antenatal hypoxia.99 In newborn hypoxic

lambs, our recently published work shows that ROCK has

great importance to 5-HT contraction and that ROCK inhi-

bition will reduce pulmonary pressures, although it may

not play a key role in the increased HPV response of the

pulmonary vasculature in chronically hypoxic lambs.8

MECHANISMS OF PULMONARY

VASODILATION

The pulmonary vasculature dilates when smooth muscle

cells relax, which is primarily due to inhibition of vasocon-

strictor pathways. The endothelium serves a major role in

the vasodilatory process. Agonist stimulation of endothelial

cells by acetylcholine, bradykinin, or other factors causes

Ca2+ responses in the endothelial cells. The major path-

ways that have been examined in fetal and newborn sheep

are depicted in Figure 2. In general, the increases in en-

dothelial cytosolic Ca2+ stimulate a signaling cascade and

activate several pathways that lead to the generation of

NO100 and prostacyclins101,102 as well as to activation of

gap junctions103-105 that couple endothelial cells to smooth

muscle cells. This latter pathway is likely to contribute to

endothelial-derived hyperpolarization factors that help in-

duce pulmonary vasodilation.

NO signaling
NO is a prominent vasodilatory signal for the pulmonary

vasculature. The pathways associated with NO-dependent

vasorelaxation have been intensively studied in the fetal

and postnatal vasculature. Vasoactive NO is generated pre-

dominantly by endothelial NO synthase (eNOS), an en-

zyme expressed in vascular endothelium and stimulated

by elevations in endothelial cytosolic Ca2+. Reduced eNOS

activity is thought to be an important determinant for

development of persistent PH in the newborn.106 In com-

parison, resident Tibetan populations have elevated NO

production through eNOS upregulation, a response that

may be part of the acclimatization process.107 Secondarily,

decreased NO levels are associated with high-altitude pul-

monary edema susceptibility in humans, which further

implicates the importance of NO signaling and acclimati-

zation to high altitude.108

With respect to the role of eNOS in the development of

PH in sheep, alterations in its activity and protein expres-

sion differ, depending on which stressor lambs are exposed

to. Shaul et al.109 illustrated that in the ductal-ligation

model, the activity and expression of eNOS are reduced, as

is the ability of exogenous NO to cause vasodilation.65 Xue

et al.40 showed that chronic hypoxia, in comparison, does

not alter fetal eNOS function and expression. Moreover,

Herrera et al.18 showed that expression of eNOSmRNA and

protein is increased in ∼2-week-old newborn lambs born

at high altitude similarly to that in native Tibetans, even

though their pulmonary arterial pressures are elevated.

This illustrates that fetuses and newborns respond in dis-

tinct ways to high-altitude gestation, birth, and life and

that there are key differences between the ductal-ligation

and hypoxia models.

The cellular mechanisms that underlie the divergence

in eNOS function due to ductal ligation and hypoxic stress

are not completely understood. Still, studies show that duc-

tal ligation modulates several pathways that regulate eNOS

and impair its activity, in addition to reducing its expres-

sion. Specifically, Konduri et al.110 demonstrated that the

ability of heat shock protein 90 (HSP90) to activate eNOS is

suppressed through a decrease in the expression and as-

sociation of HSP90 with eNOS. In addition, Hsu et al.111

showed that ductal ligation increases eNOS phosphory-

lation at threonine 495, which reduces its activity, without

altering phosphorylation at the putative activation site, ser-

ine 1177. Another way that ductal ligation reduces eNOS

function is by increasing NADPH oxidase–generated reac-

tive oxygen species (ROSs). In particular, Brennan et al.112

illustrated that ductal ligation enhances expression of the

P67phox subunit of NADPH oxidase, which is a critical

activator of the oxidase.113 In conjunction with enhanced

NADPH activation, superoxide dismutase activity, but not

its expression, is depressed,112 an effect that reduces ROS

degradation. This combination of increased ROS produc-

tion and reduced degradation dramatically elevates plasma
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Figure 2. Pulmonary vasodilation is a synchronized process. A variety of substances, shear stress, and membrane stretch work
together to increase prostacyclin, nitric oxide (NO) production, and other pathways defined broadly as endothelial-derived
hyperpolarizing factors that collectively cause vascular dilation. The signaling molecules released from the endothelium and
activated pathways work in conjunction with epinephrine and other neurohumoral substances to increase the activity of protein
kinases A and G (PKA and PKG, respectively). As discussed in the text, these kinases phosphorylate many targets that reduce the
level of vascular contraction, pathways that have not been fully examined in the fetus. A dashed green arrow indicates an activation
pathway; a dashed red line with a bar indicates an inhibition pathway; a dashed blue arrow indicates movement of calcium. AC:
adenylate cyclase; ACh: acetylcholine; AMP: adenosine monophosphate; BK: bradykinin; BKCa: calcium- and voltage-activated
potassium channel; CaL: L-type Ca2+ channel; CaM/CAMKII: calmodulin and Ca2+/calmodulin-dependent protein kinase II; cAMP:
cyclic adenosine monophosphate; cGMP: cyclic guanosine monophosphate; CO: carbon monoxide; CPI-17: C-kinase potentiated
protein phosphatase-1 inhibitor; EDHF: endothelial-derived hyperpolarizing factors; Em: membrane potential; eNOS: endothelial
nitric oxide synthase; Epi: epinephrine; Gq/Gs: q and s alpha subunits of G protein–coupled receptor; GMP: guanosine
monophosphate; HO-1/2: heme oxygenase 1 and 2; MLC20/MLC20-P: 20-kDa myosin light chain and phosphorylated moiety;
MLCK: myosin light-chain kinase; MLCP: myosin light-chain phosphatase; PDE3/4/5: phosphodiesterases 3, 4, and 5; PGI2:
prostacyclin; PLA2: phospholipase A2; PP1c: protein phosphatase-1c; RhoA/ROCK: Ras homolog gene family, member A, and
associated kinase; RyR: ryanodine receptor; SERCA: sarco/endoplasmic reticulum Ca2+-ATPase; sGC: soluble guanylate cyclase.



ROSs, including superoxide and hydrogen peroxide.112

Unfortunately, such systematic analyses of eNOS activity

and ROSs have not been performed in hypoxic fetal or

newborn lambs, and thus we do not know the extent to

which there are alterations in eNOS functionality. The pos-

sible differences in eNOS function and NO generation due

to ductal ligation and high-altitude–induced hypoxia in fetal

or newborn sheep accentuate the importance of under-

standing the underlying disease pathophysiology. Such

knowledge is vital to the development of relevant treatment

strategies in patients with similar symptoms but vastly dif-

ferent etiologies.

Each subsequent step of the NO signaling pathway is

important to vascular relaxation. The impact of imposed

or environmental stress on pathway activity is inherently

complex, as illustrated by the high-altitude lamb mod-

els. Changes in the sensitivity of isolated vessels to exoge-

nous NO may compensate for or exacerbate changes in

eNOS expression and activity. The pulmonary vasodilator

responses to exogenous NO from sodium nitroprusside

(SNP) administration were diminished slightly in PAs

from fetal lambs exposed to chronic hypoxia40 as well as

in newborn lambs that were born and remained at high

altitude.6 In comparison, lambs born at high altitude that

returned to low altitude had accentuated vasodilation to

SNP.7 Moreover, ductal ligation attenuates SNP-dependent

vasodilation in fetal lambs,114 even though iNO dilates pul-

monary vessels in a dose-dependent fashion, with maxi-

mal effect at 100 ppm.109,115,116 Chronic antenatal hypoxia

and ductal-ligation depression of NO-mediated vasodilation

may account for the failure of iNO to lower pulmonary

vascular pressures in some pediatric patients. From the

impact of antenatal and perinatal hypoxia on NO-mediated

vasodilation, it is clear that further experimentation in the

WMRS and INCAS hypoxic-sheep models is needed. The

NO signaling pathway should be examined in additional

detail, including direct and indirect measurements of NO

signaling, in order to elucidate changes in eNOS expres-

sion and function as well as downstream portions of the

pathway. Decreased eNOS activity and protein expression

in the ductal-ligation model suggest impairment of the

eNOS signaling cascade. However, analysis could reveal

additional epigenetic transcriptional or translational defects.

While there may be simple alterations in mRNA or pro-

tein levels that explain the functional decrements, post-

translational modifications in eNOS would alter its ability

to generate NO. Germane to this idea is the critical find-

ing by Llanos et al.,117 mentioned above, that sheep born

at INCAS have upregulated eNOS, which is distinct from

the loss of eNOS in the ductal-ligation studies shown by

Shaul et al.109

Soluble guanylate cyclase
NO synthesized and released by the endothelium causes

vasodilation by stimulating soluble guanylate cyclase (sGC)

in vascular myocytes. By producing cyclic guanosine

monophosphate (cGMP) in the smooth muscle cells, sGC

amplifies the NO signal;106 sGC is a heterodimeric enzyme

consisting of α and β dimers. NO binding to the β subunit

stimulates the conversion of guanosine triphosphate to

the vasorelaxant cGMP. Using the ductal-ligation model,

Chester et al.118 found increased sGC α1 and β1 protein

expression in PASMCs. Still, basal cGMP content was

lower in hypertensive PASMCs than in nonhypertensive

PASMCs, and SNP caused equivalent cGMP production in

control and hypertensive tissues. These data indicate that

the increases in sGC do not fully compensate for the de-

pression in eNOS expression shown by Shaul et al.109 and

suggest that hypertension impairs sGC function.118 The

effects of chronic hypoxia on sGC expression differ from

those of ductal ligation and are dependent on the model

examined. Herrera et al.18 showed that newborn sheep

whose mothers lived at high altitude had reduced sGC pro-

tein expression. In comparison, newborn lambs born to

low-altitude ewes that were brought to high altitude for

gestation and birth had no change in their sGC levels,7

suggesting there may not be a change in sGC signaling.

An increase in cGMP regulates a variety of cellular

functions through activation of a cGMP-dependent ki-

nase (protein kinase G [PKG]).119 PKG causes vasodila-

tion largely through suppression of pathways that sensi-

tize the above-mentioned contractile proteins to calcium.

In particular, PKG opposes ROCK-mediated inactiva-

tion of the MLCP by phosphorylating serine residues lo-

cated adjacent to the ROCK phosphorylation site on the

MYPT1 regulatory subunit. This eventually increases the

rate of myosin light-chain dephosphorylation, thereby caus-

ing smooth muscle cell and vascular relaxation. Conse-

quently, PKG reduces Ca2+ sensitization of myosin fila-

ments by maintaining the activity of MLCP.81 Notably,

Resnik et al.120 demonstrated that ductal ligation reduces

mRNA and protein expression of PKG1-α in PASMCs. In

contrast, Gao et al.98 showed that the expression and func-

tion of PKG are markedly increased in PAs from chroni-

cally hypoxic fetal lambs. Despite this increase, cGMP-

mediated relaxation is suppressed, suggesting that there

are posttranslational modifications to the kinase. Work

from Negash et al.121 also indicates that acute hypoxia

causes nitrosylation of PKG, which depresses pulmonary

venous relaxation. This impairment can be prevented by

scavenging either ROSs or reactive NO species.121 Al-

though parallel studies have not been published for chron-

ically hypoxic animals, the data suggest that posttransla-
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tional modifications such as nitrosylation are likely to un-

derlie the differences in expression versus activity and

function for PKG. Furthermore, there are no published

reports of PKG expression or function in newborn lambs

born at WMRS or INCAS. Together, the available reports

indicate that changes in PKG expression and function

are important to altered vasodilatory capacity in response

to ductal ligation as well as to chronic hypoxia and there-

fore are worthwhile to pursue.

Carbon monoxide (CO)
CO is another gaseous signal formed in the lung that

works in a way similar to that of NO. CO is produced by

endothelial, smooth muscle, and inflammatory cells, and

like NO, this gaseous molecule is important for vessel dila-

tion through activation of sGC.122 Carbon monoxide is

made through the activity of heme oxygenase (HO-1 and

HO-2), and acute hypoxia stimulates CO production (via

upregulation of HO-1) in PASMCs. In addition to activat-

ing sGC, this gaseous mediator is also thought to modulate

a heme moiety that is attached to calcium- and voltage-

activated potassium (BKCa) channels.
123-125 CO enhances

coupling between RyR-generated Ca2+ signals and BKCa

channels.126,127 The increased BKCa activity would then ac-

centuate vasodilation by hyperpolarizing the plasma mem-

brane and suppressing L-type Ca2+ (CaL) channel activity.

CO signaling may be an important site of acclimatiza-

tion in response to chronic perinatal hypoxia. This is ex-

emplified in studies performed on adult llamas from the

Andean altiplano that are well acclimated to the rarefied

environment and sheep that are not as well acclimated.

Llanos’ group has shown in a series of studies18,19,117

that llamas have enhanced production of CO by induc-

ible HO-1, while sheep have reduced HO-1 expression

and CO-mediated vasodilation. Although HO-generated

CO is likely to be important to pulmonary vascular tone

and remodeling, its importance in fetal PAs, as well as

comparisons between chronic-hypoxia and ductal-ligation

models, remain unresolved.

Prostacyclin
Prostacyclin PGI2 is the predominate prostacyclin released

from the endothelium and along with some other prod-

ucts of arachidonic acid metabolism, such as prostaglan-

din E2, it may provide protection from chronic hypoxic

stress.128,129 These endothelial-derived substances dilate

vessels and attenuate PASMC proliferation. Prostacyclins

are released from the vascular endothelium and activate

Gs-coupled GPCRs on smooth muscle cells. Activation of

the GPCRs by prostacyclin impairs smooth muscle con-

traction, and these receptors are the target of iloprost, an

inhaled drug used for the treatment of pulmonary arterial

hypertension (PAH).130-132 Prostacyclin receptor stimula-

tion activates adenylate cyclase (AC), which increases cAMP

production, which in turn cascades to cause vasodilation

through activation of protein kinase A (PKA)-dependent

pathways. Activation of PKA-dependent pathways likely

reduces MLCK phosphorylation and potentially enhances

BKCa channel activity while impairing Ca2+ signaling as

well as ROCK activation.133

The importance of prostacyclin is illustrated with

prostacyclin-receptor knockout mice that exhibit a signif-

icantly greater degree of PH after exposure to hypoxia.134

This finding is also relevant to the treatment of PAH in

humans. In these patients, remodeled PASMCs may ex-

hibit decreased PGI2 synthase expression.135 This evidence

suggests that chronic hypoxia can reduce prostacyclin

function, at least in the adult, which can affect both pul-

monary vascular remodeling and reactivity.

Ductal ligation significantly impairs PGI2 activity.
136 Spe-

cifically, Lakshminrusimha et al.136 showed that lung tis-

sue from ductal-ligation lambs has reduced PGI2-induced

relaxation as a result of decreased prostacyclin receptor

levels. Secondarily, they also showed decreased PGI2 syn-

thase protein levels in hypertensive lambs, which would

reduce PGI2 production. Unfortunately, neither PGI2 syn-

thesis nor receptor function has been formally studied

in the hypoxic fetal- or newborn-lamb models, so we do

not know whether there are common dysfunctions. The

significant progress in the use of prostacyclin analogs for

treatment of PAH132,137,138 and the data from rodent and

piglet studies suggesting that chronic hypoxia reduces pros-

tacyclin signaling139,140 illustrate that it is important to

further our understanding of the cellular mechanisms of

vasodilation due to prostacyclins and the role they play

in PHN.

Adenylate cyclase
In mammals, there are 10 Class III AC isoforms that

amplify GPCR signals by producing cAMP.141 In the

pulmonary vasculature, receptor signaling systems tied

to cAMP generation typically cause vasodilation. These

include the prostacyclin and β-adrenergic signaling sys-

tems. Thus, in many ways β-adrenergic and prostacyclin-

cAMP signaling mirrors NO-cGMP-mediated vasodila-

tion.142 For example, it has long been known that birth

increases β-adrenergic-dependent signaling and dilation

in the pulmonary vasculature.143 Among the various AC iso-

forms tied to GPCR activation, adenylate cyclase 2 (AC2)

is an important enzyme for the production of cAMP in
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PAs.136 Using the ductal-ligation model, Lakshminru-

simha et al.136 showed that AC activity and AC2 protein

levels in lung tissue are maintained in hypertensive lambs.

Similarly, steady-state cAMP levels were unchanged by duc-

tal ligation. Because postreceptor coupling mechanisms

that generate cAMP are intact following ductal ligation,

the pathway is therapeutically relevant for inducing vaso-

relaxation and reducing pulmonary arterial pressures. How-

ever, besides this one study, our knowledge regarding the

impact of perinatal hypoxia, as well as ductal ligation, on AC

function is limited.

Phosphodiesterases (PDEs)
These are enzymes that act on vascular smooth muscle to

break down cAMP and cGMP and thereby reduce vaso-

dilation.144 There are 11 different PDE families, with

PDE3, PDE5, and PDE4 being the predominate isoforms

in vascular smooth muscle. In the lung, PDE5 catalyzes

the breakdown of cGMP to GMP, while PDE3 and PDE4

primarily catalyze the hydrolysis of cAMP to AMP.142 Far-

row et al.142 recently showed that the expression of PDE5

increases a week after birth in newborn lambs, following

an initial decline observed at parturition. The depression

in PDE5 expression during the transition period augments

the vasodilatory activity of NO-dependent signaling path-

ways, potentiating vasodilatory responses. Ductal ligation

was shown by Hanson et al.145 to increase PDE5 activity in

hypertensive animals without enhancing levels of PDE5

mRNA expression or protein. While the total PDE5 protein

content was similar in hypertensive and control lambs,

phosphorylated PDE5 content was significantly higher in

hypertensive animals.145 This suggests that ductal ligation

causes undue activation of PDE5, restricting vasodilation

due to cGMP. Herrera et al.17 showed that newborn lambs

born at high altitude also did not have altered levels of

PDE5 mRNA expression. However a later study by the

same group of investigators similarly showed that PDE5

protein levels were significantly increased in lung tissue of

hypoxic newborn lambs that were returned to sea level

after birth.7 Moreover, sildenafil, a PDE5 inhibitor, sup-

pressed the increase in PA pressure and reduced PVR in

hypoxia-induced hypertensive lambs.17 Thus, hypoxic new-

born lambs have a way of enhancing PDE5 function differ-

ent from that of lambs with PH due to ductal ligation.17

The effects of PDE3 inhibition on vascular tone are sim-

ilar to those of PDE5 inhibitors, although PDE3 pref-

erentially degrades cAMP. Rashid et al.146 showed that

inhibition of PDE3 by milrinone reduced PVR in the

ductatl-ligation model. PDE3 expression and activity in-

crease dramatically following birth, thus facilitating pros-

tanoid and β-adrenergic-dependent vasodilation during

the transition at birth.147 Moreover, this change in expres-

sion and activity follows the same trend as for modifica-

tions in PDE5 activity. However, we do not know how

ductal ligation or chronic hypoxia affect PDE3 function.

IONIC REGULATION OF PULMONARY

VASCULAR TONE

Regulation of ion channel activities in pulmonary arterial

myocytes is a feature central to GPCR stimulation and the

cellular responses to changes in oxygenation. The activi-

ties of these ion channels control membrane potential and

cytosolic Ca2+ responses, effects that are critical to rapid

changes in vasoreactivity as well as to longer-term changes

in cell function. Coordinated changes in the membrane

potential are tied to the action of Ca2+-permeable ion chan-

nels on the sarcoplasmic reticulum as well as in the plasma

membrane. Such regulation causes membrane potential

to be intimate to Ca2+ signals. From the standpoint of un-

derstanding fetal and perinatal physiology, it is unfortu-

nate that a greater part of our knowledge regarding how

ion channels are regulated is based on data generated in

cells and tissues from adults. Thus, our understanding of

ion channels in the perinatal period remains far from

complete. Still, we do know that a variety of different chan-

nels are important to vascular reactivity in the fetus and

newborn and that chronic hypoxia and ductal ligation af-

fect the function of at least some of them.

Regulation of the membrane potential
Tissue hypoxia and receptor activation cause membrane

depolarization and are linked to myocyte contraction. There

are approximately 70 K+ channel family members,148 with

voltage-gated K+ (Kv) channels and other isoforms being

intensively studied for their potential involvement in the

HPV response.69 Inhibition of Kv is an important compo-

nent of the membrane depolarization process.149,150 These

Kv channels help maintain a negative resting membrane

potential and are important to the vasoconstrictive re-

sponse with acute hypoxia.69 Suppressing Kv channel ac-

tivity depolarizes the membrane, which elicits Ca2+ signals

that cause myocyte contraction. Recent evidence from

Konduri et al.151 indicates that Kv channels that are inhib-

ited by 4-aminopyridine are reduced in the ductal-ligation

model, although we do not know what impact chronic hyp-

oxia has on these or other Kv channels in immature ar-

terial myocytes from sheep. However, studies performed

in newborn piglets may provide some insight. Extreme

chronic hypoxia (ambient PO2 of 60–72 torr, ∼6,200–

7,500-m equivalent altitude) caused membrane depolari-
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zation and a selective decrease in abundance of Kv1.2,

but not of Kv1.5 or Kv2.1.
152 Furthermore, the generalized

importance of Kv channels to pulmonary arterial myocyte

proliferation153 suggests that changes in Kv channel activ-

ity and expression will promote pulmonary vascular re-

modeling.152

Whereas membrane depolarization is important for

contraction of arteries, maintaining a hyperpolarizedmem-

brane potential is important to vessel relaxation. Activation

of potassium-permeable channels causes the membrane

potential to hyperpolarize. However, among the numer-

ous K+ channels that are expressed in pulmonary arte-

rial myocytes,154 the best understood in the fetal vascu-

lature are BKCa channels.150,155,156 Studies performed in

cerebral arterial myocytes show that BKCa channels are

activated by Ca2+ sparks as a result of focal activation of

RyRs on the sarcoplasmic reticulum.157,158 Activation of

these BKCa channels hyperpolarizes the membrane po-

tential and causes myocyte relaxation through inhibition

of voltage-dependent Ca2+ entry. One critical study by

Dr. Cornfield’s group159 showed that oxygen-dependent

activation of BKCa is important to vasodilation with birth.

Such membrane hyperpolarization would prevent activa-

tion of voltage-dependent Ca2+ channels, reducing extra-

cellular Ca2+ entry and thereby preventing Ca2+-dependent

contraction. From a disease perspective, compression of

the ductus arteriosus reduces BKCa channel expression and

impairs BKCa channel activity in fetal PASMCs, effects that

reduce arterial relaxation.156,160 This contrasts with new-

born sheep born on the Andean altiplano at 3,600 m that

have elevated BKCa expression,7 which in turn promotes

vasodilator capacity. At present, we do not understand the

cellular mechanisms responsible for these differences;

however, one potential explanation is that BKCa expression

is regulated by HIF-1, a transcriptional regulator that is

depressed by ductal ligation.155

InsP3 receptor Ca
2+ release pathways

InsP3 generation due to GPCR activation causes robust

Ca2+ signals in PASMCs of many species, including

sheep.87,161-163 While much is known regarding the ac-

tivities of InsP3 signaling in myocytes from adult ani-

mals, InsP3-dependent Ca
2+ responses in fetal and new-

born pulmonary arterial myocytes and the impact of

pulmonary vascular disease on signaling in cells from

these animals are poorly understood. Our studies and

those of other laboratories show that fetal-sheep pulmo-

nary vascular myocytes are activated by various GPCR ag-

onists. PAF causes InsP3 generation and Ca2+ responses

in fetal-sheep PASMCs.87,164 We have published that ATP,

phenylephrine, and 5-HT all cause Ca2+ responses in pul-

monary arterial myocytes from fetal sheep.89,162 Notably,

our studies indicate that antenatal hypoxia reduces the

number of fetal pulmonary arterial myocytes with Ca2+

responses before and in response to 5-HT stimulation.89

On the basis of studies performed in myocytes from adult

animals, we anticipate that many other agonists that stim-

ulate GPCR, such as ET-1 and PGF2α, will elicit similar

responses.165-167 Unfortunately, these influences cannot

be compared to those of ductal ligation, because there are

no reports regarding the influence of ductal ligation on

InsP3 activity and because we do not, as yet, know whether

the reduction in Ca2+ signals is specific to 5-HT or a gen-

eral effect on InsP3 stimulation.

RyR Ca2+ release pathways
RyRs are important for generating highly localized Ca2+

“spark” events, and there is multifaceted regulation of

their activity. In the fetus, oxygenation activates RyRs, and

these localized Ca2+ events regulate vessel dilation during

the fetal transition period.155,168,169 However, RyR activity

is also associated with whole-cell Ca2+ responses and con-

traction in the setting of acute hypoxia in adults.38,170,171

Further illustrating the complexity in RyR function in pul-

monary arterial myocytes is that GPCR activation with

ET-1 also activates Ca2+ sparks.172 Our recent studies show

that chronic prenatal hypoxia impairs Ca2+ spark activity

in both the fetus and the newborn.173 These data lead to

an intriguing possibility, that impaired RyR function con-

tributes to the development of PH in lambs born at high

altitude. Unfortunately, the impact of ductal ligation on RyR

activity remains unknown, so we do not know whether im-

pinging on RyR function is a common mechanism that

contributes to the development of PH.

Plasmalemmal Ca2+ entry pathways
Immature pulmonary arterial myocytes have several Ca2+

entry pathways.89,99,120,162,174 L-type Ca2+ channels are the

best understood and best characterized Ca2+-permeable

ion channels. These channels are activated by membrane

depolarization following GPCR stimulation89,175,176 or

acute hypoxia.170 Our studies show that CaL channels ac-

count for about one-quarter of 5-HT89 and for potassium-

dependent membrane depolarization–induced contraction

in fetal sheep PAs.99 CaL channel function can be changed

by chronic hypoxia. Newborn piglets exposed to severe

hypoxia (FiO2 of 0.10, ∼5,800 m equivalent altitude) devel-

oped PH and had elevated CaL channel–dependent reactiv-

ity and vascular tone, compared to normoxic piglets.177 In

these hypoxic animals, the decrease in transpulmonary per-
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fusion pressure in response to nifedipine was greater than

that in normoxic animals. This was also associated with

an increased nifedipine-sensitive Ca2+ current density in

patch voltage-clamped PASMCs of hypoxic animals, com-

pared to controls.177 However, such enhancement in CaL
expressionmay not occur in all species. Our studies in PAs

from fetal sheep exposed to antenatal hypoxia (3,801 m)

show that the role of CaL channels in potassium or 5-HT-

mediated contraction is maintained, suggesting that chan-

nel expression is preserved.89,99 This preservation in func-

tion compares with ductal ligation, where Resnik et al.120

showed that there was reduced protein, but not mRNA, ex-

pression of Cav 1.2, which is the isoform that encodes for

CaL currents. Nevertheless, Storme et al.178 showed that

inhibition of CaL with nifedipine can reduce pulmonary

pressures in ductal-ligated lambs. Still, we did not find

any studies that systematically examined changes in CaL
function due to ductal ligation.

Studies show that in addition to CaL channels, nonselec-

tive cation channels contribute to extracellular Ca2+ entry

and are also important to fetal pulmonary arterial Ca2+ sig-

naling and arterial reactivity.89,162,174 In particular, nonse-

lective cation channel inhibition with SKF96365 blocked

a substantial portion of the nifedipine-insensitive contrac-

tion due to 5-HT in our fetal-, as well as newborn-, sheep

PAs.8,89 Data from Dr. Cornfield’s group174 shows that a

number of canonical transient receptor potential channels

(TRPCs)148—TRPC1, TRPC3, TRPC5, and TRPC6—are

expressed in fetal pulmonary arterial myocytes. This is

important because TRPCs contribute significantly to non-

selective cation channel activity, which is one of the larger

ion channel families, with 28 members.179 When taken

together with studies regarding the role of CaL channels,

the data illustrate that GPCR and hypoxia coordinate the

activities of voltage-dependent and nonselective cation chan-

nels to regulate Ca2+ signaling and arterial contraction. Duc-

tal ligation certainly impairs this coordination, because it

enhances expression of TRPC6 protein while reducing the

mRNA expression for TRPC1, TRPC3, and TRPC5 as well

as TRPC6.174 Although the aforementioned studies illus-

trate that TRPC channels are important regulators of arte-

rial contraction, more-detailed imaging and electrophysio-

logical studies are lacking in the fetus. Moreover, we know

very little regarding the effect of ductal ligation and antena-

tal hypoxia on the function of the aforementioned or other

TRPC channels in the fetal pulmonary vasculature. Such

studies are necessary to resolve the mechanistic changes

that occur during fetal development, their importance dur-

ing the transition period at birth, and their role in the devel-

opment of PH due to antenatal hypoxia or ductal ligation.

The preceding paragraphs illustrate that fetal and new-

born pulmonary vascular myocytes are dependent on

highly organized ionic control systems, and yet very little

is known about how antenatal hypoxia or ductal ligation

influences their function. In particular, efforts have focused

on just a few of the many potential players and pathways

that are important to pulmonary vascular function. Sys-

tematic exploration of the various ionic signaling pathways

is critical to our understanding of arterial function in the

perinatal period and of the impact of disease.

CURRENT TREATMENT STRATEGIES

The primary goal in treating newborns with PH is to

increase blood oxygenation. Multiple recent reviews out-

line these approaches in detail.180-183 Ductal ligation will

result in a more profound increase in pulmonary pres-

sure and hypertensive crisis emulation, requiring imme-

diate reduction in pressures to improve survival. Antenatal

hypoxia, on the other hand, causes more modest elevations

in pulmonary pressure and long-lived pulmonary vascular

dysfunctions that require chronic treatment to allow for

adequate patient recovery and long-term health.

The therapeutic strategies that are currently used aim to

simulate what should occur naturally during postnatal

transition. The overarching thrust of this review is that

understanding the etiology of the disease will refine the

treatments for PH in the newborn. Similar strategies have

led to improvements in the treatment of PH in the adult,

where there have been major advances in pharmacother-

apy. Unfortunately for pediatric patients, almost all of the

data regarding the etiology of disease are based on adult

populations, with very few parallel studies for pediatric

populations. This has led clinicians to treat children on the

basis of extrapolation of therapies designed for adults and

expert consensus.184

Often, hypoxemia can precipitate pulmonary hyperten-

sive crisis by causing vasoconstriction and increasing PVR,

as occurs, for example, when infants are born at high alti-

tude. Neonates with mild respiratory distress may there-

fore require only minimal oxygen supplementation in

order to resolve the crisis by eliminatingHPV. The primary

rationale is that if the oxygen that is required for vasodila-

tion is provided at birth, the arteries will dilate and PVR

will fall. Although the risk of oxygen toxicity is often out-

weighed by the benefits of modest O2 supplementation, it

should still be considered when prolonged therapy is re-

quired to maintain adequate oxygenation. Unfortunately,

this type of oxygen therapy may be beneficial only to select

infants with very mild disease and is of limited value in

more serious cases of PH, often forcing clinicians to resort
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to more efficient, albeit invasive, methods of oxygenation,

such as high-frequency oscillatory ventilation or extracor-

poreal membrane oxygenation (ECMO).180,185,186

If oxygen supplementation does not adequately re-

verse the process, a number of therapeutic options are

now available, primarily acting as vasodilators. These in-

clude iNO, PDE5 inhibitors (PDE5is), prostacyclin ana-

logs (PG), endothelin receptor antagonists (ERAs), and

PDE3 inhibitors (PDE3is). Although these treatments

mainly target the immediate issue of high PVR, some of

these (e.g., bosentan and other ERAs) may also suppress

vascular remodeling,187,188 which is a major component of

long-term health problems.

In recent years, NO inhalation has become a widely used

treatment for PPHN. This therapy improves hemodynamic

and oxygenation profiles in multiple pediatric PH popula-

tions,189,190 lowers pulmonary arterial pressure, improves

infant survival, and reduces the need for ECMO.191,192

However, as many as 50% of the infants do not respond

to iNO, possibly because of either a dysfunction in sGC and

PKG signaling or, in some cases, severe pulmonary hypo-

plasia with a markedly diminished pulmonary vascular bed

and blood flow despite maximal vasodilation.193,194 More-

over, the high cost and technical challenges limit iNO use

to mostly large, urban medical centers in developed coun-

tries. Inhibition of PDE5 with sildenafil works through the

same signaling systems as iNO and has fewer practical

concerns but is limited because it can also cause systemic

hypotension. In addition, it may induce nonselective pul-

monary vascular relaxation, increasing ventilation perfu-

sion mismatch in the lung and worsening oxygenation.

Although this could be important in newborn infants

that have low systemic arterial pressures, there is now

evidence in neonates with severe PPHN that PDE5is can

improve oxygenation index and survival.195,196

Prostacyclin analogs, unlike the previous groups of

drugs, stimulate PKA-dependent signaling, with PDE3is

having similar effects by elevating cAMP-associated PKA

activity. The effectiveness of these medications is based on

similarities between PKA and PKG signaling, although

this overlap is also responsible for their shortcomings,

which is mainly a similar side-effect profile. Unlike adult

PAH populations, there are fewer data on the use of

prostanoids in children, with at least two trials showing

improved survival in children with idiopathic PAH197 and

improved hemodynamics in children with PH due to car-

diac defects.198 Of note, prostanoid therapy must be ad-

ministered continuously because of its short systemic

half-life, resulting in increased risks associated with ther-

apy, such as indwelling central venous catheter–related

infections and thrombosis. Alternative routes of adminis-

tration include continuous subcutaneous injection, with

site pain and infection as common side effects, and in-

haled mist treatments, which can cause bronchospasm

and other upper-airway symptoms. Finally, patients may

become desensitized to prostanoid therapy, especially in

the setting of continuous intravenous infusions, resulting

in escalating doses and a significant rebound effect upon

discontinuation.

ERAs act on pathways that are unique to many of the

drugs mentioned above. ET-1 binds to two distinct GPCRs

(ETA and ETB) that are predominantly expressed on pul-

monary vascular smooth muscle, resulting in activation

of ROCK and inositol triphosphate pathways that cause

vasoconstriction. Although there are some data for func-

tional improvement and exercise capacity in children with

either idiopathic or associated PAH,199,200 as well as a re-

cent trial indicating that ERAs can be an option in new-

borns with PHN,78 they are still not widely used in this

patient population.

As a result of the understanding that multiple path-

ways and various receptors are part of PH pathophysi-

ology in the newborn, combination drug therapies are

becoming more prominent. This also diminishes prob-

lems encountered with single-drug treatments, such as

need for higher drug doses and increased side effects.

These combination therapies, with 2 or 3 pharmacologic

agents from different drug classes, have shown modest

improvement in hemodynamics and/or exercise capacity

in adults with PAH201-203 and are now in clinical trials

on neonatal and pediatric patients.

PERSPECTIVE

This review has illustrated that both ductal ligation and

chronic perinatal hypoxia can cause PH in sheep, with

similar vascular and cardiopulmonary malformations. The

underlying causes of disease in each model are distinc-

tive in this one species, which fuels the premise that the

type of stress inducing the disease is an important con-

sideration when treatments are being prescribed. On the

one hand, there are similarities between the ligation and

hypoxia models, such as functional decrements in sGC

function, cGMP-dependent vasorelaxation, increased PDE5,

and enhanced ET-1 contraction. On the other hand, there

are marked differences between the cellular processes

affected by antenatal and perinatal hypoxia and those af-

fected by ductal ligation. In particular, studies illustrate

that ductal ligation reduces eNOS as well as BKCa chan-

nels, while their expression is enhanced in chronically hyp-

oxic newborns. More critically, however, there are many
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other cellular signals that still must be examined in the

ductal-ligation and chronic-hypoxia models. This is illus-

trated by the lack of comparative data on a number of key

pathways in the two models and by our lack of knowledge

regarding the impact of altered Ca2+ signaling as well as

transcriptional regulation due to ductal ligation or hypoxia-

induced PH. Delineating the commonalities and differ-

ences in the etiology of disease due to high-altitude liv-

ing, elevated pulmonary pressure or flow, diaphragmatic

hernia, and other cardiopulmonary malformations is vital

for our ability to properly care for afflicted infants. We al-

ready know that PHN is due to a spectrum of changes in

the structure and function of the lung and cardiopulmo-

nary circuit. Hence, treating each individual disease will

require the development of refined therapies, therapies that

rely on a better understanding of the fundamental basis of

each disease in relevant animal models.
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Bourge RC, Keogh A, et al. Continuous subcutaneous in-
fusion of treprostinil, a prostacyclin analogue, in patients
with pulmonary arterial hypertension: a double-blind, ran-
domized, placebo-controlled trial. Am J Respir Crit Care
Med 2002;165:800–804.

Pulmonary Circulation Volume 3 Number 4 December 2013 | 777



139. Delannoy E, Courtois A, Freund-Michel V, Leblais V,
Marthan R, Muller B. Hypoxia-induced hyperreactivity of pul-
monary arteries: role of cyclooxygenase-2, isoprostanes, and
thromboxane receptors. Cardiovasc Res 2010;85:582–592.

140. Fike CD, Kaplowitz MR, Zhang Y, Pfister SL.
Cyclooxygenase-2 and an early stage of chronic hypoxia-
induced pulmonary hypertension in newborn pigs. J Appl
Physiol 2005;98:1111–1118.

141. Seifert R, Lushington GH, Mou TC, Gille A, Sprang SR.
Inhibitors of membranous adenylyl cyclases. Trends
Pharmacol Sci 2012;33:64–78.

142. Farrow KN, Steinhorn RH. Phosphodiesterases: emerging
therapeutic targets for neonatal pulmonary hypertension.
Handb Exp Pharmacol 2011;204:251–277.

143. Gao Y, Tolsa JF, Botello M, Raj JU. Developmental
change in isoproterenol-mediated relaxation of pulmonary
veins of fetal and newborn lambs. J Appl Physiol 1998;
84:1535–1539.

144. Manganiello V. Cyclic nucleotide phosphodiesterases: crit-
ical modulators of endocrine, metabolic, and cardiovascu-
lar function and appealing therapeutic targets. Curr Opin
Pharmacol 2011;11:646–648.

145. Hanson KA, Ziegler JW, Rybalkin SD, Miller JW, Abman
SH, Clarke WR. Chronic pulmonary hypertension in-
creases fetal lung cGMP phosphodiesterase activity. Am J
Physiol Lung Cell Mol Physiol 1998;275:L931–L941.

146. Rashid N, Morin FC 3rd, Swartz DD, Ryan RM, Wynn
KA, Wang H, Lakshminrusimha S, Kumar VH. Effects of
prostacyclin and milrinone on pulmonary hemodynamics
in newborn lambs with persistent pulmonary hyperten-
sion induced by ductal ligation. Pediatr Res 2006;60:624–
629.

147. Chen B, Lakshminrusimha S, Czech L, Groh BS, Gugino
SF, Russell JA, Farrow KN, Steinhorn RH. Regulation of
phosphodiesterase 3 in the pulmonary arteries during the
perinatal period in sheep. Pediatr Res 2009;66:682–687.

148. Alexander S, Harmar A, McGrath I. New updated GRAC
fifth edition with searchable online version: launch of
new portal Guide to Pharmacology in association with
NC-IUPHAR transporter-themed issue. Br J Pharmacol
2011;164:1749–1750.

149. Shimoda LA, Sylvester JT, Booth GM, Shimoda TH,
Meeker S, Undem BJ, Sham JS. Inhibition of voltage-
gated K+ currents by endothelin-1 in human pulmonary
arterial myocytes. Am J Physiol Lung Cell Mol Physiol
2001;281:L1115–L1122.

150. Cornfield DN, Saqueton CB, Porter VA, Herron J, Resnik
E, Haddad IY, Reeve HL. Voltage-gated K+-channel activ-
ity in ovine pulmonary vasculature is developmentally
regulated. Am J Physiol Lung Cell Mol Physiol 2000;278:
L1297–L1304.

151. Konduri GG, Bakhutashvili I, Eis A, Gauthier KM. Im-
paired voltage gated potassium channel responses in a
fetal lamb model of persistent pulmonary hypertension of
the newborn. Pediatr Res 2009;66:289–294.

152. Fike CD, Kaplowitz MR, Zhang Y, Madden JA. Voltage-
gated K+ channels at an early stage of chronic hypoxia-
induced pulmonary hypertension in newborn piglets. Am
J Physiol Lung Cell Mol Physiol 2006;291:L1169–L1176.

153. Platoshyn O, Golovina VA, Bailey CL, Limsuwan A, Krick
S, Juhaszova M, Seiden JE, Rubin LJ, Yuan JX. Sustained
membrane depolarization and pulmonary artery smooth
muscle cell proliferation. Am J Physiol Cell Physiol
2000;279:C1540–C1549.

154. Michelakis ED, Reeve HL, Huang JM, Tolarova S, Nelson
DP, Weir EK, Archer SL. Potassium channel diversity in
vascular smooth muscle cells. Can J Physiol Pharmacol
1997;75:889–897.

155. Cornfield DN. Developmental regulation of oxygen sens-
ing and ion channels in the pulmonary vasculature. Adv
Exp Med Biol 2010;661:201–220.

156. Olschewski A, Hong Z, Linden BC, Porter VA, Weir EK,
Cornfield DN. Contribution of the KCa channel to mem-
brane potential and O2 sensitivity is decreased in an ovine
PPHN model. Am J Physiol Lung Cell Mol Physiol
2002;283:L1103–L1109.

157. Jaggar JH, Wellman GC, Heppner TJ, Porter VA, Perez
GJ, Gollasch M, Kleppisch T, et al. Ca2+ channels, ryanodine
receptors and Ca2+-activated K+ channels: a functional unit
for regulating arterial tone. Acta Physiol Scand 1998;164:
577–587.

158. Li A, Adebiyi A, Leffler CW, Jaggar JH. KCa channel in-
sensitivity to Ca2+ sparks underlies fractional uncoupling
in newborn cerebral artery smooth muscle cells. Am J
Physiol Heart Circ Physiol 2006;291:H1118–H1125.

159. Cornfield DN, Reeve HL, Tolarova S, Weir EK, Archer S.
Oxygen causes fetal pulmonary vasodilation through acti-
vation of a calcium-dependent potassium channel. Proc
Natl Acad Sci USA 1996;93:8089–8094.

160. Cornfield DN, Resnik ER, Herron JM, Abman SH.
Chronic intrauterine pulmonary hypertension decreases
calcium-sensitive potassium channel mRNA expression.
Am J Physiol Lung Cell Mol Physiol 2000;279:L857–L862.

161. Hume JR, McAllister CE, Wilson SM. Caffeine inhibits
InsP3 responses and capacitative calcium entry in canine
pulmonary arterial smooth muscle cells. Vasc Pharmacol
2009;50:89–97.

162. Goyal R, Creel KD, Chavis E, Smith GD, Longo LD,
Wilson SM. Maturation of intracellular calcium homeo-
stasis in sheep pulmonary arterial smooth muscle cells.
Am J Physiol Lung Cell Mol Physiol 2008;295:L905–
L914.

163. Zhang WM, Yip KP, Lin MJ, Shimoda LA, Li WH, Sham
JS. ET-1 activates Ca2+ sparks in PASMC: local Ca2+ sig-
naling between inositol trisphosphate and ryanodine re-
ceptors. Am J Physiol Lung Cell Mol Physiol 2003;285:
L680–L690.

164. Ibe BO, Ameer A, Portugal AM, Renteria L, Raj JU. Platelet-
activating factor modulates activity of cyclic nucleotides in
fetal ovine pulmonary vascular smooth muscle. J Pharmacol
Exp Ther 2007;320:728–737.

165. Shimoda LA, Sham JS, Shimoda TH, Sylvester JT. L-type
Ca2+ channels, resting [Ca2+]i, and ET-1-induced responses
in chronically hypoxic pulmonary myocytes. Am J Physiol
Lung Cell Mol Physiol 2000;279:L884–L894.

166. Cassin S. Role of prostaglandins, thromboxanes, and leu-
kotrienes in the control of the pulmonary circulation in the
fetus and newborn. Semin Perinatol 1987;11:53–63.

778 | Chronic hypoxia, ductal ligation, and pulmonary hypertension in sheep Papamatheakis et al.



167. Snetkov VA, Knock GA, Baxter L, Thomas GD, Ward JP,
Aaronson PI. Mechanisms of the prostaglandin F2α-induced
rise in [Ca2+]i in rat intrapulmonary arteries. J Physiol 2006;
571:147–163.

168. Porter VA, Reeve HL, Cornfield DN. Fetal rabbit pulmo-
nary artery smooth muscle cell response to ryanodine is
developmentally regulated. Am J Physiol Lung Cell Mol
Physiol 2000;279:L751–L757.

169. Porter VA, Rhodes MT, Reeve HL, Cornfield DN. Oxygen-
induced fetal pulmonary vasodilation is mediated by intra-
cellular calcium activation of KCa channels. Am J Physiol
Lung Cell Mol Physiol 2001;281:L137–L1385.

170. Jabr RI, Toland H, Gelband CH, Wang XX, Hume JR.
Prominent role of intracellular Ca2+ release in hypoxic
vasoconstriction of canine pulmonary artery. Br J Phar-
macol 1997;122:21–30.

171. Ng LC, Wilson SM, Hume JR. Mobilization of sarcoplasmic
reticulum stores by hypoxia leads to consequent activation
of capacitative Ca2+ entry in isolated canine pulmonary arte-
rial smooth muscle cells. J Physiol 2005;563:409–419.

172. Remillard CV, Zhang WM, Shimoda LA, Sham JS. Physi-
ological properties and functions of Ca2+ sparks in rat
intrapulmonary arterial smooth muscle cells. Am J Phys-
iol Lung Cell Mol Physiol 2002;283:L433–L444.

173. Hadley SR, Blood Q, Rubalcava M, Waskel E, Lumbard B,
Le P, Longo LD, Buchholz JN, Wilson SM. Maternal high-
altitude hypoxia and suppression of ryanodine receptor-
mediated Ca2+ sparks in fetal sheep pulmonary arterial
myocytes. Am J Physiol Lung Cell Mol Physiol 2012;303:
L799–L813.

174. Resnik ER, Keck M, Sukovich DJ, Herron JM, Cornfield
DN. Chronic intrauterine pulmonary hypertension in-
creases capacitative calcium entry in fetal pulmonary ar-
tery smooth muscle cells. Am J Physiol Lung Cell Mol
Physiol 2007;292:L953–L959.

175. Papamatheakis DG, Vemulakonda S, Blood Q, Goyal R,
Rubalcava M, Vrancken K, Bennett A, et al. Preservation
of serotonin-mediated contractility in adult sheep pulmo-
nary arteries following long-term high-altitude hypoxia.
High Alt Med Biol 2011;12:253–264.

176. Wilson SM, Mason HS, Ng LC, Montague S, Johnston L,
Nicholson N, Mansfield S, Hume JR. Role of basal extra-
cellular Ca2+ entry during 5-HT-induced vasoconstriction
of canine pulmonary arteries. Br J Pharmacol 2005;144:
252–264.

177. Hirenallur SD, Haworth ST, Leming JT, Chang J,
Hernandez G, Gordon JB, Rusch NJ. Upregulation of vas-
cular calcium channels in neonatal piglets with hypoxia-
induced pulmonary hypertension. Am J Physiol Lung Cell
Mol Physiol 2008;295:L915–L924.

178. Storme L, Parker TA, Kinsella JP, Rairigh RL, Abman
SH. Chronic hypertension impairs flow-induced vasodila-
tion and augments the myogenic response in fetal lung.
Am J Physiol Lung Cell Mol Physiol 2002;282:L56–L66.

179. Venkatachalam K, Montell C. TRP channels. Annu Rev
Biochem 2007;76:387–417.

180. Oishi P, Datar SA, Fineman JR. Advances in the manage-
ment of pediatric pulmonary hypertension. Respir Care
2011;56:1314–1340.

181. Abman SH. Recent advances in the pathogenesis and
treatment of persistent pulmonary hypertension of the
newborn. Neonatology 2007;91:283–290.

182. Steinhorn RH. Pharmacotherapy for pulmonary hyperten-
sion. Pediatr Clin N Am 2012;59:1129–1146.

183. Ivy D. Advances in pediatric pulmonary arterial hyperten-
sion. Curr Opin Cardiol 2012;27:70–81.

184. Cerro MJ, Abman S, Diaz G, Freudenthal AH, Freudenthal
F, Harikrishnan S, Haworth SG, et al. A consensus ap-
proach to the classification of pediatric pulmonary hyperten-
sive vascular disease: report from the PVRI Pediatric
Taskforce, Panama 2011. PulmCirc 2011;1:286–298.

185. Ohashi N, Matsushima M, Maeda M, Yamaki S. Advan-
tages of oxygen inhalation therapy for postoperative pul-
monary hypertension. Pediatr Cardiol 2005;26:90–92.

186. Lazar DA, Cass DL, Olutoye OO, Welty SE, Fernandes CJ,
Rycus PT, Lee TC. The use of ECMO for persistent pul-
monary hypertension of the newborn: a decade of experi-
ence. J Surg Res 2012;177:263–267.

187. Chen SJ, Chen YF, Meng QC, Durand J, DiCarlo VS,
Oparil S. Endothelin-receptor antagonist bosentan pre-
vents and reverses hypoxic pulmonary hypertension in
rats. J Appl Physiol 1995;79:2122–2131.

188. DiCarlo VS, Chen SJ, Meng QC, Durand J, Yano M, Chen
YF, Oparil S. ETA-receptor antagonist prevents and reverses
chronic hypoxia-induced pulmonary hypertension in rat.
Am J Physiol Lung CellMol Physiol 1995;269:L690–L697.

189. Goldman AP, Delius RE, Deanfield JE, Miller OI, de Leval
MR, Sigston PE, Macrae DJ. Pharmacological control of
pulmonary blood flow with inhaled nitric oxide after the fen-
estrated Fontan operation. Circulation 1996;94(9 suppl):
II44–II48.

190. Bizzarro M, Gross I. Inhaled nitric oxide for the postoper-
ative management of pulmonary hypertension in infants
and children with congenital heart disease. Cochrane Data-
base Syst Rev 2005(4):CD005055.

191. Clark RH, Kueser TJ, WalkerMW, SouthgateWM, Huckaby
JL, Perez JA, Roy BJ, Keszler M, Kinsella JP. Low-dose nitric
oxide therapy for persistent pulmonary hypertension of the
newborn. N Engl J Med 2000;342:469–474.

192. Schreiber MD, Gin-Mestan K, Marks JD, Huo D, Lee G,
Srisuparp P. Inhaled nitric oxide in premature infants
with the respiratory distress syndrome. N Engl J Med
2003;349:2099–2107.

193. Roberts JD Jr., Fineman JR, Morin FC 3rd, Shaul PW,
Rimar S, Schreiber MD, Polin RA, et al. Inhaled nitric
oxide and persistent pulmonary hypertension of the new-
born. N Engl J Med 1997;336:605–610.

194. Finer NN, Barrington KJ. Nitric oxide for respiratory fail-
ure in infants born at or near term. Cochrane Database
Syst Rev 2006(4):CD000399.

195. Baquero H, Soliz A, Neira F, Venegas ME, Sola A. Oral
sildenafil in infants with persistent pulmonary hyperten-
sion of the newborn: a pilot randomized blinded study.
Pediatrics 2006;117:1077–1083.

196. Steinhorn RH, Kinsella JP, Pierce C, Butrous G, Dilleen M,
Oakes M, Wessel DL. Intravenous sildenafil in the treat-
ment of neonates with persistent pulmonary hypertension. J
Pediatr 2009;155:841–847.

Pulmonary Circulation Volume 3 Number 4 December 2013 | 779



197. Yung D, Widlitz AC, Rosenzweig EB, Kerstein D,
Maislin G, Barst RJ. Outcomes in children with idio-
pathic pulmonary arterial hypertension. Circulation 2004;
110:660–665.

198. Rosenzweig EB, Kerstein D, Barst RJ. Long-term prostacy-
clin for pulmonary hypertension with associated congeni-
tal heart defects. Circulation 1999;99:1858–1865.

199. Maiya S, Hislop AA, Flynn Y, Haworth SG. Response to
bosentan in children with pulmonary hypertension. Heart
2006;92:664–670.

200. Rosenzweig EB, Ivy DD, Widlitz A, Doran A, Claussen LR,
Yung D, Abman SH, Morganti A, Nguyen N, Barst RJ.
Effects of long-term bosentan in children with pulmo-
nary arterial hypertension. J Am Coll Cardiol 2005;46:697–
704.

201. McLaughlin VV, Oudiz RJ, Frost A, Tapson VF, Murali S,
Channick RN, Badesch DB, Barst RJ, Hsu HH, Rubin LJ.
Randomized study of adding inhaled iloprost to existing
bosentan in pulmonary arterial hypertension. Am J
Respir Crit Care Med 2006;174:1257–1263.

202. Ghofrani HA, Wiedemann R, Rose F, Olschewski H,
Schermuly RT, Weissmann N, Seeger W, Grimminger F.
Combination therapy with oral sildenafil and inhaled
iloprost for severe pulmonary hypertension. Ann Intern
Med 2002;136:515–522.

203. Humbert M, Barst RJ, Robbins IM, Channick RN, Galiè
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