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I. ABSTRACT 

INTRODUCTION: Persistent Pulmonary Hypertension of the Newborn (PPHN) is defined 

as the failure of normal circulatory relaxation in the lungs at birth. Hypoxia is known to 

impede postnatal disassembly of the actin cytoskeleton in pulmonary arterial (PA) 

myocytes. Actin polymerization (APM), regulated by Rho GTPases, stabilizes force 

generation. We studied basal and thromboxane (TP)-induced APM and contraction in 

normoxic and hypoxic PA myocytes and rings. We also examined the downstream 

signaling pathways regulating hypoxia and TP-induced APM, and the role that actin 

plays in TP receptor internalization.  

METHODS: Smooth muscle myocytes from 2
nd

 to 6
th

 generation PAs of newborn piglets 

were cultured and exposed to hypoxia (10% O2) or normoxia (21% O2) for 72 hrs, then 

challenged with 10
-6

M TP-agonist U46619. APM was quantified by laser-scanning 

cytometry and stress fiber isolation. Downstream signaling pathways of TP receptor were 

studied by immunoprecipitation, Rhotekin-RBD and PAK-PBD affinity precipitation, 

Western blot, immunofluoresence and ELISA. Isometric force to serial concentrations of 

U46619 was measured in resistant PAs from PPHN and 3-day control swine. 

RESULTS: Hypoxia induced 2-fold APM via alpha- and gamma-actin isoforms, which 

contributed to increase U46619-induced contraction. Hypoxia decreased TP association 

with G12/13 in favor of G"q. Basal RhoA and Cdc42 activity increased in hypoxia, while 

Rac activity decreased. U46619-challenge did not further alter RhoA activity in hypoxic 

cells, but increased Cdc42 and Rac activity. Hypoxia increased phosphorylation of LIMK 

and PAK, unaltered by U46619. Association of Cdc42 with N-WASp decreased in 

hypoxia, but increased after U46619 exposure. Jasplakinolide significantly stabilized 
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gamma filaments, increasing force generation; cytochalasin D depolymerized all actin 

isoforms, which attenuated contractile force. Both actin-modifying agents prevented TP 

endocytosis in NM, while normalizing TP internalization in HM.  

CONCLUSIONS: PA myocytes exhibit marked RhoA- and Rac-dependent APM in 

hypoxia. The additional APM response to U46619 challenge is independent of RhoA, but 

requires Cdc42 signaling. Hypoxia induces APM in PA myocytes, particularly causing an 

increase in filamentous alpha- and gamma-actin that contributes to increased U46619-

induced force generation, a characteristic of PPHN. Dynamic actin also facilitates 

internalization of the TP receptor. Determining the mechanism that controls TP-mediated 

APM maybe beneficial as a potential target for PPHN. 
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II. OBJECTIVES AND RATIONALE 

 Persistent pulmonary hypertension of the newborn (PPHN) is a disease in term 

babies characterized by elevated pulmonary vascular resistance and severe hypoxemia, 

with an incidence of up to 6 per 1000 live births. PPHN can develop by a number of 

insults, such as hypoxia, sepsis, inflammation, congenital diaphragmatic hernia and 

meconium aspiration. Nearly one third of infants with PPHN do not respond to currently 

available treatments, resulting in death. Normally after birth, pulmonary arterial smooth 

muscle cells replicate and spread within the vessel wall to increase lumen diameter and 

lower pulmonary vascular resistance. Changes in cell shape are associated with 

remodeling of the smooth muscle cell’s actin cytoskeleton. However, normal postnatal 

disassembly of pulmonary arterial myocyte actin cytoskeleton is impeded by hypoxia 

(Figure 1). Actin polymerization (APM) is known to stabilize myo-filaments and 

increases smooth muscle force generation. We propose to develop PPHN in newborn 

piglets by raising them in a low oxygen environment, and then examine (i) the signaling 

pathway linking the inflammatory molecule thromboxane (TP) to agonist-induced actin 

polymerization (APM), by blocking activation of specific TP receptor-linked GTPases in 

hypoxic (10% O2) and normoxic (21% O2) pulmonary arterial myocytes; (ii) the 

activation state of TP-linked GTPases that control the rate and extent of APM in 

pulmonary arterial myocytes; (iii) the effects of APM on contractile response in hypoxic 

and normoxic pulmonary arterial myocytes exposed to TP agonist; and (iv) the 

importance of APM in hypoxic TP receptor internalization in pulmonary arterial 

myocytes. Understanding the answers to these questions may help provide more specific 
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treatments for vasospasm in newborn pulmonary arteries, especially in infants who also 

have lung inflammation due to infections at birth.  
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Figure 1 Normal versus abnormal development of the pulmonary circulation at 

  birth.  

 

In utero, the fetal pulmonary arteries have a thick wall and narrow lumen, which results in high 

pulmonary vascaular resistance. The smooth muscle cells (SMCs) in the vessel wall are 

immature, round in shape and densely packed. These SMCs are in a synthetic phenotype and 

they do not contain many contractile organelles. Exposure to normoxic conditions at birth causes 

a thinning of the vessel wall and expansion of the lumen as the SMCs spread within the vessel 

wall by first reducing their arterial muscle content and then by remodeling of the cells within the 

vascular wall. This process lowers pulmonary vascular resistance, which allows blood to flow 

normally through the pulmonary vasculature for efficient gas exchange. On the other hand, 

exposure to hypoxic conditions prevents these normal postnatal adaptational changes. The vessel 

wall becomes thickened, lumen becomes very narrow and the SMCs proliferate, as well as 

increase their arterial muscle content, resulting in an elevated pulmonary vascular resistance. 

Thus, failure of normal pulmonary vascular relaxation at birth is referred to as persistent 

pulmonary hypertension of the newborn (PPHN). 
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Figure 2 Proposed signaling pathways regulating TP-induced actin polymerization 

  and contraction in hypoxic pulmonary arterial myocytes. 

 

Thromboxane (TP) receptor can be activated by hypoxia and U46619-agonist, leading to actin 

polymerization and contraction in pulmonary arterial myocytes. TP receptor, a G protein coupled 

receptor, couples to G"q or G12/13 subunits. Coupling to G"q activates phospholipase C (PLC), 

which then hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into two second 

messengers: inositol 1,4,5-triphophate (IP3) and diacylglycerol (DAG). IP3 binds to receptors on 

the endoplasmic reticulum (ER) to induce calcium (Ca
2+

) release, leading to phosphorylation of 

the myosin light chain and contraction. DAG activates PKC, which can then signal to a number 

of other proteins. TP coupling to G12/13 activates Rho GTPases such as RhoA, Rac and Cdc42 

via translocation of their Rho guanine nucleotide exchange factor (RhoGEF) to the plasma 

membrane. Rho GTPases regulate actin filament dynamics by either preventing the ability of 

cofilin to sever actin filaments or by promoting nucleation of new actin filaments via actin-

related proteins 2 and 3 (ARP2/3 complex). Contractile force in pulmonary arterial myocyte can 

be altered by receptor complex sensitization, calcium sensitization and by the cytoskeleton. 

Changes in TP receptor sensitivity is achieved by phosphorylation of the C-terminal region via 

protein kinase A (PKA), protein kinase C (PKC) and/or G protein related kinase (GRK). 

Increased contraction can also be achieved by inhibition of myosin light chain phosphatase 

(MLCP) via Rho kinase (ROCK) or C-kinase potentiated protein phosphatase-1 inhibitor (Cpi-

17), preventing removal of the phospho-group on myosin. Regulation of actin dynamics by Rho 

GTPases can also alter the force of contraction. 
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III. LITERATURE REVIEW 

 This thesis will begin by discussing development of the vasculature, with specific 

reference to angiogenesis and vasculogenesis, two processes that increase vascular 

density. The vasculature grows and develops simultaneously with the lung. Thus, 

discussing the stages of lung development will be important for understanding lung 

function, especially as it pertains to a baby’s first breath. Failure of the lungs and 

vasculature to adapt to extrauterine life is referred to as PPHN. Normal circulatory 

transition requires a fall in pulmonary vascular resistance. PPHN is characterized by 

hypoxemia, vasospasm, and an increase in thromboxane synthesis. Numerous animal 

models have been designed to study PPHN. Chronic exposure to hypoxia for 72 hours is 

a widely used model to study the effects of inflammatory molecules in conjunction with 

low oxygen tension. The pulmonary vasculature contains smooth muscle cells, so a 

discussion on the types and structure of smooth muscle cells will explain how they 

function, especially their unique ability to phenotypically and mechanically adapt to a 

changing environment. Blood flow through the pulmonary circuit is regulated by 

contraction and relaxation of the pulmonary arterial smooth muscle cells. Smooth muscle 

cell contraction can be regulated by an increase in intracellular Ca
2+

 levels, as well as by 

Ca
2+

-independent mechanisms such as activation of second messengers and actin 

polymerization. Thromboxane, an inflammatory molecule upregulated by hypoxia, 

signals through TP receptors located on the pulmonary arterial smooth muscle cells. The 

TP receptor is a classical GPCR that couples to G proteins to relay their signal 

intracellularly. G proteins activate a number of effector proteins, such as phospholipase C 

and Rho GTPases, to increase intracellular Ca
2+

 levels and alter the actin cytoskeleton 
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respectively. Both downstream signaling pathways can independently lead to cell 

contraction. Actin exists as the main component of the cytoskeleton, as well as part of the 

contractile apparatus in muscle cells. Actin binding proteins regulate the assembly and 

disassembly of filaments, as well as control the direction of filament growth. Cross-

linking proteins bind actin filaments and organize them into bundles or networks, 

forming 3-dimensional actin structures that are involved in many cellular processes such 

as cell contraction. Actin isoforms localize to distinct subcellular compartments, each 

having a unique and specialized function. Polymerization of actin, especially 

polymerization of specific isoforms, can either enhance or attenuate cell function. This 

thesis will end with a discussion on the methods used to measure actin polymerization 

within a cell or tissue. 

 

III.1. VASCULAR DEVELOPMENT 

 The first organ to develop is the vasculature. When the embryo grows larger than 

2 mm, it can no longer depend on passive diffusion to supply its cells with oxygen and 

nutrients (342, 368). Thus, it is critical for the vasculature to be functional throughout 

development as well as adapt to the constantly changing requirements of embryogenesis. 

By day 16 or 17, the heart and major blood vessels begin to develop. The primitive heart 

begins to beat by day 21 and the circulation patterns within the embryo are clearly 

established by the fourth week of embryonic life (334). Blood vessels continue to develop 

in the embryo and placenta, and the lungs mature but remain almost completely deflated 

until birth (164). In the embryo, larger vessels develop stereotypically and are controlled 
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by morphogenetic programs, while the developmental pattern of small vessels and 

capillaries is random and regulated by oxygen supply and demand (401).  

 Blood vessels and blood both arise from the same precursor cells known as 

hemangioblasts, which originate from embryonic mesoderm (246). These cells 

differentiate into vascular precursor cells (angioblasts) and blood cell precursors 

(hematopoietic stem cells). Together, angioblasts and hematopoietic stem cells form 

masses known as blood islands. The earliest blood islands appear independently in the 

extraembryonic mesoderm of the yolk sac and connecting stalk, and in the mesenchyme 

of the embryo (334). At these sites, angioblasts coalesce into cords, flatten and 

differentiate into endothelial cells before establishing a vessel lumen by intracellular 

vacuolation (519). Surrounding mesenchymal cells then give rise to the smooth muscle 

and connective tissue layers of the vessels. As the vessels are developing, the 

hematopoietic stem cells form the blood. 

 Blood vessels are composed of two different types of cells: endothelial and mural. 

Vascular endothelial cells form a monolayer throughout the entire vasculature. They are 

polarized with an apical surface directed towards the vessel lumen and a basal surface 

directed towards the outside of the vessel, which is surrounded by a basement membrane 

(544). Mural cells wrap around the endothelial cells, have contractile abilities in order to 

regulate vessel diameter and essentially blood flow (187). Larger vessels have multiple 

layers of mural cells, and are referred to as smooth muscle cells. Mural cells are very 

sparse on smaller vessels and are referred to as pericytes.  
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III.1.1. ANGIOGENESIS AND VASCULOGENESIS 

 Development of the vasculature does not occur in a straightforward tree-like 

manner. Larger vessels expand from simple networks, which then undergo extensive 

remodeling. There are two major morphogenetic processes involved in vascular 

development: vasculogenesis and angiogenesis. Vasculogenesis refers to de novo 

organization and growth of blood vessels by in situ differentiation of mesodermal derived 

hemangioblasts (342). Subsequent growth, expansion and remodeling of these primitive 

vessels into mature vascular networks is referred to as angiogenesis (372). This process 

involves sprouting of new vessels from the sides and ends of pre-existing vessels or by 

longitudinal division of existing vessel lumens with interstitial tissue (362). 

Vasculogenesis is predominantly involved in the formation of large vascular networks 

such as the liver, endocardium of the heart, dorsal aorta and the cardinal and vitelline 

vessels, while blood vessels in the brain and kidney are formed by angiogenesis (16).  

However, both processes may occur simultaneous and this is characteristic of the 

developing lung (391). Vasculogenesis is unique to embryonic development, while 

angiogenesis can also occur in the adult during wound healing and tumor vasculogenesis 

(128). Thus, understanding the mechanisms regulating vascular development is 

imperative for preventing angiogenesis during inflammation and tumorigenesis, as well 

as initiating angiogenesis during ischemic events.  

 Vascular endothelial growth factor (VEGF) is the key molecule involved in 

vasculogenesis and angiogenesis. VEGF is a survival factor and mitogen (115), 

mediating endothelial cell proliferation, migration, cell-cell communication and 

differentiation (48, 422). Some VEGFs have also been shown to regulate vessel 
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permeability (329). Knockout mice with the VEGF gene deleted are unable to survive to 

term due to the lack of a functional vasculature and absence of blood islands (46, 115). 

Alternative splicing gives rise to four different VEGF genes (VEGF A-D) that bind to 

three types of tyrosine kinase receptors, VEGFR-1 (Flt-1), VEGFR-2 (FLK-1, KDR), and 

VEGFR-3 (Flt-4), and differ in their tissue distribution and function (392). VEGF C and 

VEGFR-3 are required for the development of the lymphatic vascular system (161, 248), 

while VEGF A binding to VEGFR-1/2 is required for endothelial cell development and 

formation of the primitive capillary network (116). Interactions between mural cells and 

vascular endothelial cells are required for maturation and remodeling of these early 

capillary networks. Two critical signaling pathways that regulate this cell crosstalk are: 

Tie-2/Angiopoietin signaling and PDGF-B/PDGFR-# (platelet derived growth factor) 

signaling. Angiopoietin is expressed by mural cells and binds to Tie-2 receptors on the 

endothelium to mediate their migration, adhesion and survival (525). On the other hand, 

the endothelium is a source of PDGF-B and is required for recruitment of PDGF-# 

positive mural cells to the vessels (28). 

 VEGF is regulated by oxygen availability. Cells exposed to hypoxia secrete 

VEGF, stimulating the production of blood vessels towards the hypoxic areas (261). 

When cells receive an adequate supply of oxygen, VEGF is downregulated to retard 

endothelial cell proliferation and migration (140). Oxygen sensing in cells is measured by 

hypoxia-inducible factor-1 (HIF-1), a transcription factor that directly activates VEGF 

expression (508). HIF-1 complex consists of a constitutively produced HIF-1# subunit 

and a HIF-1" subunit that is regulated by oxygen (221). Under normoxic conditions HIF-

1" is ubiquitinated and targeted to 26S proteasomes for rapid degradation. However, in 
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hypoxia, HIF-1" becomes stabilized and translocates from the cytosol to the nucleus, 

forming a dimer with HIF-1# and results in a transcriptionally active complex (209, 221). 

Ubiquitination of HIF-1" is mediated by the Von Hippel-Lindau (pVHL) ubiquitin E3 

ligase complex that recognizes hydroxylation of two conserved proline residues and 

acetylation of a lysine residue (291, 441). Proline residues are hydroxylated by prolyl-

hydroxylase; an enzyme that requires oxygen as a cosubstrate to function (414). Thus, 

proline residues are not hydroxylated in hypoxia, resulting in a stabilized HIF-1" subunit.  

In normoxia, hydroxylation of an asparagine residue in the C-terminal of HIF-1" also 

prevents its association with CBP/p300 coactivator proteins (259) rendering it inactive. 

 

 III.1.2. STAGES OF LUNG DEVELOPMENT 

 The lungs develop in sync with the vasculature. Lung development extends from 

the embryonic and fetal period up until birth, as the lungs continue to growth and develop 

well after childhood. In utero, lungs are not required to function as breathing organs, but 

must continue to grow and develop so they will be ready to function immediately after 

birth. Lung development is divided into two phases: lung growth (structural 

development) and lung maturation (functional development) (85). Lung growth is 

controlled by a number of physical factors such as intrathoracic space, lung liquid 

volume, amniotic fluid volume and fetal breathing movements. Maturation into a 

functional lung is a biochemical process, primarily regulated by endocrine organs that 

release corticotropin, cortisol and thyroid hormones. Lung growth occurs over the course 

of gestation and is divided into five stages, embryonic, pseudoglandular, canalicular, 

saccular and alveolar, based on anatomic and histologic characteristics (375). The timing 
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of the stages can vary between individuals, as well as the stages can overlap one another 

within areas of the lung (377).  

 The embryonic stage begins with the formation of the fetal lung at 3 weeks by a 

ventral diverticulum from the caudal end of the laryngotracheal groove of the foregut 

(203). The laryngotracheal groove separates dorsoventrally from the primitive esophagus 

to form the trachea and subsequently the two primary lung buds (491). By 5 weeks, the 

lung buds develop lobar buds that correspond to mature lung lobes: right upper, middle 

and lower lobes, and left upper and lower lobes. Development progresses in the 6-week-

old embryo as the lobar buds further subdivide and form the bronchopulmonary segments 

(85).  Lung buds are lined with epithelial cells derived from the endoderm (1). These 

cells will later differentiate into specialized epithelium that line the alveoli, and 

respiratory epithelium that line the airways (35). Innervation of the lungs is derived from 

the ectoderm germ layer (390), while the pulmonary blood vessels, smooth muscle, 

cartilage and connective tissues originate from the mesoderm (280). 

 The pseudoglandular stage takes place between the 7
th

 and 16
th

 week of gestation. 

During this time, progressive branching of the conducting airways results in 16 to 25 

generations of bronchioles (203). At 13 weeks, cilia appear in the proximal airways (85) 

and cartilage begins to develop (41). By the 16
th

 week of gestation, all bronchial airways 

have been formed (41). Further growth and expansion of the airways only occurs by 

widening and elongation (85). Branching of airways can occur by domain, planar or 

orthogonal bifurcation, and is favored in areas that are abundantly surrounded by 

mesenchyme (306). The pseudoglandular stage also marks the initial differentiation of 

lung epithelium into ciliated columnar cells and goblet cells (227). Differentiation of the 
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epithelial cells requires the presence of surrounding mesenchymal cells, while 

differentiation of lung mesenchyme into blood vessels, smooth muscle and cartilage 

relies on neighboring lung epithelium (292). 

 Between the 16
th

 to 24
th

 weeks of gestation, terminal bronchioles divide, forming 

the respiratory bronchioles, and the lungs become vascularized (85). This marks the 

canalicular stage of lung development. Progression through this stage involves a decrease 

in interstitial tissue as the capillary networks develop around the branching airways 

(201). By 20 weeks, airspace epithelium has begun to differentiate into type I and type II 

cells (227). About 97% of the airway surface area is composed of type I cells, designated 

as the thin air-blood barriers where gas exchange will occur (346). Type II cells are 

identified by the presence of lamellar bodies associated with the synthesis and storage of 

surfactant (491). Preterm babies born <24 weeks have fewer and larger alveoli with a 

decreased capillary network (464). Respiration is possible towards the end of the 

canalicular stage (43), but these babies require support from a ventilator and few of them 

actually survive (145).  

 The saccular stage encompasses the period from 24 weeks until term (85). During 

this time, alveolar ducts are formed and the peripheral air spaces enlarge to form saccules 

(290). Both type I and type II cells continue to differentiate and become easily 

recognizable. The lamellar bodies in type II cells are initially enriched in 

phosphatidylinositol, but near term the surfactant becomes rich in phosphatidylglycerol 

(168). Production of surfactant is necessary for alveolar stability, since in its absence, 

lungs can only maintain the alveoli in an open state for a very short period of time (61). 

Capillaries also begin to establish close contacts with the primitive terminal sacs in 
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preparation for respiration (402). Smooth muscle markers are initially present in the 

saccular lung (281), but the pulmonary vasculature is not capable of vasospasm at this 

stage.  

 At birth, alveoli are developed via septation of saccules, designating the alveolar 

stage of lung development (203). There are approximately 20x10
6
 saccules at birth (76). 

At 5 weeks after birth the alveoli reach maturity (34), and contain a double-walled 

capillary system (203). The air-blood interface consists of type I cells, followed by a very 

thin basement membrane and the pulmonary capillary endothelium (85). Oxygen and 

carbon dioxide diffuse rapidly across the alveoli-capillary membrane (less than 0.4 µm in 

most places) down their pressure gradient (69). In the adult lung, there are 300-600 

million alveoli, with a surface area of 70m
2
 for gas exchange (535).  

 Development of the pulmonary arterial system follows developing airways, thus 

ensuring that capillaries are in close proximity to alveoli for efficient gas exchange. 

Arteries and veins develop in the preacinar regions at the beginning of the canalicular 

stage, while intra-acincar vessels follow the development of the alveoli (85). 

Muscularization of the intra-acinar arteries lags behind the appearance of new arteries 

(200). Thus, pulmonary arterial smooth muscle cells develop after 32 weeks gestation, 

when the alveoli are mature. The presence of muscle in the intra-acincar vessels is 

important for regulating pulmonary blood flow; such that areas of the alveolus with a 

decrease in oxygen tension will cause vasoconstriction of those pulmonary vessels and 

thus divert blood flow to areas of the lung that are better oxygenated (318). This 

phenomenon is termed hypoxic pulmonary vasoconstriction. During a generalized 
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decrease in oxygen tension, pulmonary blood vessels constrict throughout the entire lung, 

causing an increase in pulmonary artery pressure (449).  

 Growth of the lungs is affected by a number of physical factors such as 

intrathoracic space, lung liquid and amniotic fluid volume, as well as fetal breathing 

movements. Studies that surgically created diaphragmatic hernia in fetal lambs have 

provided evidence that adequate intrathoracic space is required for normal lung 

development (443). Lungs from these studies were hypoplastic, with a higher mean ratio 

of pulmonary to systemic resistance, lower oxygen saturation and a large left-to-right 

shunt at the level of the ductus arteriosus (166). Maintenance of a specific volume of lung 

liquid and amniotic fluid are also necessary for proper lung growth. Lung liquid is 

secreted by the pulmonary epithelium, while amniotic fluid originates in the lung and 

fetal kidney (4). The volume of fluid in the lung is maintained by a high laryngeal 

resistance to oppose lung recoil and prevent efflux of fluids (175). When laryngeal 

resistance is reduced, efflux of lung liquid is increased, resulting in a hypoplastic lung (8, 

84). Normal fetal breathing-like movements are also important for normal growth and 

structural maturation of the fetal lungs, since their absence has been shown to result in a 

hypoplastic lung (241, 276). Fetal breathing movements are produced by neuronal 

activities of the respiratory center in the brainstem, which are then transferred to the 

respiratory muscles (174). Fetal breathing movements regulate cell proliferation and cell 

death via the expression of growth factors like platelet derived growth factor, insulin 

growth factor and thyroid transcription factor 1, as well as biochemical differentiaion of 

Clara cells and type I and II pneumocytes (214, 477). In the absence of fetal breathing 

movements, type I pneumocytes are unable to flatten in order for efficient gas exchange, 
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while type II pneumoyctes are unable to compile, store and release surfactant proteins 

(215). 

 Biochemical maturation of the lungs is primarily dependent on surfactant 

production. Pulmonary surfactant is a complex mixture of lipids, specifically 

phosphatidylcholine and phosphatidylglycerol, with hydrophilic (surfactant proteins A, 

D) and hydrophobic proteins (surfactant proteins B, C), that is produced and secreted by 

type II cells (147, 485). Surfactant decreases surface tension within alveoli and prevents 

collapse of alveoli during exhalation (415). In the absence of surfactant, the alveolus is 

unstable and collapses at the end of each breath. Tremendous work would then be 

required to open up the alveolus with each breath. A mutation in the gene coding for 

surfactant protein B causes respiratory failure in term newborns (531). Production of 

surfactant by type II cells is hormonally influenced. Corticotropin releasing hormone 

stimulates lung maturation via cortisol production (413, 487). Cortisol induces fetal lung 

fibroblasts to produce a fibroblast pneumocyte factor, which then stimulates surfactant 

production in type II cells (412). Thyroid hormones are also required for the development 

of surfactant, since surgical removal of the thyroid gland is associated with a delay in 

lung maturation in fetal sheep (103) Thus, both corticotropin and thyroid-stimulating 

hormone are required for lung development, and their synthesis is dependent on 

increasing concentrations of glucocorticoids at birth (455). Other factors have also been 

shown to regulate surfactant production. For example, up-regulation of epinephrine and 

arginine vasopressin during late gestation has been shown to suppress fetal lung liquid 

formation and play a role in its reabsorption (38, 495). In summary, regulation of lung 

maturity requires a number of factors and hormones working in concert. 
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III.2. NORMAL CIRCULATORY TRANSITION 

 Proper development of the lung and vasculature are essential for normal 

circulatory transition. In utero, the pulmonary vascular circuit receives about 8-10% of 

the cardiac output, as the placenta acts as the organ for gas exchange (257). Fetal 

circulation is unique in that three shunts are available to supply the systemic organs with 

oxygenated blood, while returning deoxygenated blood to the placenta. These shunts are 

referred to as the ductus venosus, ductus arteriosus and the foramen ovale (240). Blood 

leaving the placenta in the umbilical vein is the most oxygenated blood in fetal 

circulation; with an oxygen saturation of 80-90% and a partial pressure of oxygen (PO2) 

approximately 4.7 kPa (399). About 50-60% of this umbilical venous flow bypasses the 

hepatic circulation via the ductus venosus and enters the inferior vena cava, which is also 

receiving desaturated blood from the lower body (399). From the inferior vena cava, the 

more highly oxygenated blood passes through the foramen ovale (located between the 

right and left atria), and is then ejected into the ascending aorta to supply the brain and 

coronary circulation (366). On the other hand, the desaturated blood in the right atria is 

directed into the right ventricle, and then ejected into the pulmonary artery (189). Since 

pulmonary vascular resistance (PVR) is high in the fetus, only about 12% of the right 

ventricle output enters the pulmonary circulation, while the remaining 88% crosses the 

ductus arteriosus and into the descending aorta to supply the lower half of the body 

before returning to the placenta (399).  

 Regulation of high PVR in the fetus is controlled by a number of factors. In the 

unventilated fetal lungs, the fluid-filled alveoli increase surrounding interstitial pressure, 
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restricting blood flow through the pulmonary vessels (144). The high PVR is also 

associated with the relatively low oxygen tension in the pulmonary vessels (189). 

Pulmonary vessels are oxygen-sensitive, such that increasing oxygen tension in fetal 

lungs results in dilatation of the pulmonary circulation (467). Maintenance of this high 

vascular tone is mediated by the presence of circulating vasoconstrictors such as 

thromboxane, leukotrienes and endothelin. Thromboxane A2 is a potent vasoconstrictor 

and platelet-activating factor in the lung, that is synthesized from arachidonic acid by the 

cyclo-oxygenase enzymes COX-1 and COX-2 (14, 500). Inhibition of thromboxane A2 

has been shown to cause pulmonary vasodilatation in the fetus (470). Leukotrienes C4 

and D4 are lipoxygenase metabolites of arachidonic acid that vasoconstrict pulmonary 

vessels and thus, maintain a low pulmonary blood flow in the fetus (410). In fetal lambs, 

leukotriene synthesis inhibitors and leukotriene receptor antagonists have both shown to 

increase pulmonary blood flow by 8-fold (263, 433). Leukotrienes have also been 

isolated from newborn lung lavage fluids; more evidence that they contribute to the high 

PVR in the fetus (451). Several studies have demonstrated that endothelin-1, a potent 

endothelium-derived contracting factor, plays a key role in the physiological control of 

fetal circulation. Endothelin-1 causes vasoconstriction by activating endothelin receptor 

type A (ETA). Blockage of ETA receptors in the ovine fetus have been shown to prolong 

the increase in pulmonary blood flow during compression of the ductus arteriosus (216). 

In addition, endothelin-1 mRNA expression and peptide levels, as well as ETA receptor 

mRNA expression are all highest during gestation, but then decrease as term approaches 

and the need for vasodilators becomes predominant (217). The low levels of vasodilators, 

specifically prostacyclin and nitric oxide, and very little shear stress in utero also 
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contribute to the high fetal vascular tone. Prostacyclin is a potent vasodilator 

prostaglandin (95), which binds to prostacyclin (IP) receptors located on vascular smooth 

muscle cells to activate adenylyl cyclase and increase cyclic AMP (332). Elevated levels 

of cAMP cause smooth muscle cell relaxation by either directly affecting the 

phosphorylation level of myosin, by decreasing intracellular calcium levels through 

activation of cell surface and sarcoplasmic reticulum Ca
2+

 pumps or by activation of 

potassium channels to cause cell hyperpolarization (287). Moreover, synthesis of 

prostacyclin increases during the last trimester of gestation and then further increases 

after birth (417). In the endothelial cells, nitric oxide (NO) is synthesized from L-arginine 

by endothelial nitric oxide synthase (NOS) (144), and then diffuses to the pulmonary 

vascular smooth muscle cells, where it causes vasodilation. NO induces activation of 

guanylate cyclase, leading to increased levels of cGMP that directly effects myosin 

phosphorylation by increasing myosin light chain phosphatase (MLCP) activity (265). 

NO can also activate vascular smooth muscle potassium channels, leading to cell 

hyperpolarization and a decrease in cytosolic Ca
2+

 (528). Both endothelial NOS 

expression (226) and the NO-induced increase in cGMP (418) increase as term 

approaches. In addition, NO donors and cGMP analogs all cause vasodilation of fetal 

lungs and isolated fetal vessels (239), while administration of NOS inhibitors in utero 

causes an increase in fetal PVR and blocks endothelium-dependent vasodilation (3). 

Shear stress in the pulmonary vessels also activates potassium channels in the endothelial 

and smooth muscle cells. In the endothelium, shear stress leads to NO synthesis (63), 

while activation of potassium channels by shear stress hyperpolarizes the smooth muscle 

cell, decreasing intracellular Ca
2+

 concentration and results in vasodilation (207).   



 

! &%!

 Rapidly after birth, the pulmonary circulation must dilate to accommodate the 

entire cardiac out (144). With the cessation of the placental circulation, fetal shunts close 

to allow an increase in left ventricular output (399). External clamping of the umbilical 

cord primarily functions in transferring blood flow from the placenta to the lungs (407). 

Contraction of the uterus by longitudinal stretch of the umbilical vessels and the presence 

of an increase in PO2 also restricts blood flow through the placenta (305). As the 

placental circulation is removed, there is a dramatic decrease in blood flow through the 

ductus venosus and a significant decrease in venous return through the inferior vena cava; 

thus, resulting in closure of the ductus venosus approximately 3-10 days after birth (399). 

As pulmonary blood flow increases, the left atrial pressure exceeds the reduced pressure 

in the right atrium and the foramen ovale closes passively within minutes (256). With 

time the foramen ovale will anatomically close by proliferation of the tissue. With the fall 

in PVR, the ductus arteriosus closes as the rise in PO2 signals the smooth muscle cells 

within the duct to constrict (256). Ductal constriction is also associated with the 

termination of prostaglandin E2 being synthesized from the placenta (190), and the fact 

that the ductus arteriosus becomes less sensitive to the dilating influences of 

prostaglandins (27). Normally, the ductus arteriosus functionally closes within 48 hours 

after birth, but in time infolding and proliferation of the endothelium results in fibrous 

tissue that permanently seals the duct (110).  

 With the onset of ventilation and the delivery of oxygen to the lungs, pulmonary 

vascular resistance must decrease in order to accommodate the flow of blood through the 

lungs for oxygenation (446). This decrease in PVR is regulated by both mechanical and 

metabolic factors. Within the first 5 minutes after birth, dilatation and recruitment of 
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intra-acinar arteries begins and this is associated with a huge reduction in pulmonary 

arterial pressure (181). In fetal lambs, physical expansion of the lungs with no change in 

O2 tension moderately decreases PVR and increases pulmonary blood flow (78). As the 

lungs distend with air, fluid in the alveoli is replaced with gas and the alveolar surface 

tension changes to exert a negative pressure on the pulmonary vasculature, which 

unkinks the vessels (102). These mechanical factors increase shear stress, as well as 

release metabolic factors such as prostacyclin and bradykinin. Shear stress leads to NO 

release by the endothelium and decreases intracellular Ca
2+

 levels in the smooth muscle 

cells, as mentioned above. Prostacyclin has been shown to decrease PVR and increase 

pulmonary blood flow in fetal lambs (267). Indomethacin, an inhibitor of prostaglandin 

synthesis, prevents the fall in PVR during rhythmic distension of the lungs (486). 

Bradykinin is a biologically active polypeptide that forms from a blood plasma globulin 

and is a potent vasodilator by stimulating NO and prostacyclin production (299). With the 

increase in arterial blood O2 tension, production of endothelial NOS, NO, and 

prostacyclin considerably increase to dilate the pulmonary vasculature (189). Endothelial 

NOS gene expression increases in ventilated lungs, but further increases when those 

lungs are ventilated with O2 (29). Inhibition of NO synthesis in utero prevents the 

increase in blood flow that normally occurs at birth (124). Between 24 hours and 2 

weeks, a significant reduction in the amount of arterial muscle, observed by thinning of 

the relative medial thickness is associated with a further decrease in the pulmonary 

arterial pressure (326). Normal adaptation to extrauterine life entails a rapid increase in 

endothelial and smooth muscle cell surface-to-volume ratio as the cells spread within the 

vessel wall to increase lumen diameter and thus, lower PVR (179). This change in 
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smooth muscle cell shape is associated with a transient depolymerization of cytoskeletal 

and contractile filaments (179). By 24 hours, PVR decreases to 80% of its initial amount, 

but does not reach an adult value until one month as shown in Figure 3. Functionally, the 

pulmonary circulation appears mature at rest after two weeks, but growth and remodeling 

of the pulmonary arteries continues until an adult pattern is reached by six months of age 

(181). As the vascular smooth muscle cells remodel over time to achieve the adult 

relationship between external diameter and wall thickness, there is a subsequent increase 

and reorganization of the actin filaments. 

 

III.3. PERSISTENT PULMONARY HYPERTENSION OF THE NEWBORN 

 Persistent Pulmonary Hypertension of the Newborn (PPHN) is a rapidly 

progressive and potentially fatal vasculopathy, stemming from a developmentally crucial 

moment in normal perinatal circulatory transition. Adaptation to extrauterine life requires 

a complex series of structural and functional changes in the pulmonary vascular 

endothelium and smooth muscle, resulting in decreased pulmonary vascular resistance. 

PPHN is defined as the failure of normal pulmonary vascular relaxation at birth (257), 

such that blood flow through the pulmonary system is impeded. Deoxygenated blood is 

then shunted right-to-left through the foramen ovale and ductus arteriosus (506), resulting 

in hypoxemia (465). PPHN has an incidence of up to 6 per 1000 live births and is 

responsible for approximately 10% of admissions to the neonatal intensive care unit (188, 

498).  It is caused by perinatal hypoxia, inflammation, or direct lung injury in otherwise 

healthy term infants (179). Nearly one third of PPHN patients do not respond to 
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Figure 3  Fall in pulmonary vascular resistance during the normal circulatory 

  transition. 

 

Pulmonary vascular resistance (PVR) decreases over three characteristic stages during normal 

circulatory transition. Majority of the fall in PVR occurs within minutes after birth in the early 

stage. It is characterized by mechanical distension of the lungs, which unkinks vessels and 

increases vessel radius. Mid stage fall in PVR is attributed to the metabolic factors such as 

hormonal release of bradykinin, and endothelial-mediated vasodilation via synthesis of 

prostacyclin and nitric oxide. The last stage of fall in PVR begins within days to weeks after 

birth and is associated with an initial reduction, followed by reorganization and remodeling of 

the actin cytoskeleton in smooth muscle cells, until mature PVR is obtained. 
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conventional vasodilators such as inhaled nitric oxide (125), resulting in death due to 

hypoxemia and respiratory failure (355).   

 PPHN can precipitate from a number of causes, and is most common in late 

preterm and term babies (378). In general, the causes of PPHN can be characterized into 

three distinctive types: parenchymal lung disease, idiopathic PPHN or pulmonary 

hypoplasia. Parenchymal lung disease is the most common cause of PPHN (394). It 

occurs when the pulmonary vasculature remains abnormally constricted after birth, 

despite normal anatomy (506). Pulmonary vessels fail to dilate due to the presence of 

perinatal stressors such as meconium aspiration, surfactant deficiency, pneumonia, sepsis, 

acidosis, hypothermia, hypoglycemia, hypercarbia, hypoxia or hemorrhage (445, 506). 

Idiopathic PPHN is defined as normal lung parenchyma with a remodeled pulmonary 

vasculature, and is responsible for 10-20% of all infants with PPHN (445). Remodeling 

of the pulmonary vasculature occurs by extension of smooth muscle cells from the pre-

acinar region into the normally non-muscularized intra-acinar arteries (506). This results 

in thickening of the pulmonary vessel wall, which narrows the lumen and obstructs blood 

flow. Idiopathic PPHN can be caused by exposure to non-steroidal anti-inflammatory 

drugs (NSAIDs) during the third trimester, which results in contraction of the ductus 

arteriosus in utero and causes pulmonary vascular hypertrophy (7). In fetal lambs, 

surgical ductual constriction or ligation in utero has been shown to model idiopathic 

PPHN (271). These lambs had increased fetal pulmonary artery pressure, pulmonary 

vascular remodeling and profound hypoxemia after birth (315). Finally, pulmonary 

hypoplasia is defined as underdevelopment of the pulmonary vasculature, leading to an 

insufficient surface area for gas exchange (497). It is associated with a reduction in the 
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number of alveoli with their associated arteries, as well as an extension of muscle into 

peripheral pulmonary arteries and increased medial hypertrophy (506). Hypoplasia of the 

lungs increases pulmonary vascular resistance, and leads to right-to-left shunting through 

the foramen ovale and/or ductus arteriosus (506). Pulmonary hypoplasia is observed in 

cases of congenital diaphragmatic hernia, oligohydramnios from membrane rupture or 

renal agenesis, asphyxiating thoracic dystrophy, and alveolar capillary dysplasia (198, 

199, 355).  

 PPHN is characterized by an increased thromboxane A2 (TxA2) to prostacyclin 

(PGI2) ratio and vasoconstriction (120). It has been shown that concurrent hypoxic 

exposure can amplify the inflammation-mediated vasoconstriction (72). PPHN prevents 

the postnatal burst of smooth muscle cell replication and the transient reduction in actin 

content, particularly a decrease in filamentous "- and $-actin (165). Pulmonary 

vasospasm and right-to-left extracardiac shunting mark the initial stages of pulmonary 

hypertension (72). As the disease progresses, there is an increase in muscularity, i.e. 

smooth muscle hypertrophy and hyperplasia, which is observed by the increase in wall 

thickness and extension of muscle into smaller and more peripheral arteries by 

differentiation of pericytes into smooth muscle cells (522). Extracellular matrix 

deposition also increases stiffness of the pulmonary vessels, which impairs their 

distensibility (474). Thus, fibrosis structurally fixes the pulmonary vessels during the 

state of high PVR, which can no longer be reversed. PPHN results in right ventricle (RV) 

hypertrophy, as designated by an increased RV-to-LV plus septum weight ratio, with the 

final outcome being right heart failure (141). 
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 PPHN presents itself shortly after birth in neonates that display cyanosis, 

respiratory distress and tachypnea. Cardiac examination of these neonates may also 

reveal a prominent second heart sound or a systolic murmur due to tricuspid regurgitation 

(244). Chest radiograph and arterial blood gas analysis are the initial tests obtained for a 

neonate suspected of PPHN. The chest x-ray can determine if the cause of PPHN is 

secondary to a parenchymal lung disease, and it can also be used to exclude the presence 

of congenital diaphragmatic hernia (244). A hyperoxia test can determine if cyanosis is 

due to a defect with blood circulation or a lung disease. Infants are exposed to 100% 

oxygen for 10 minutes; if the partial pressure of oxygen in the arterial blood is <150 

mmHg, than cyanosis is caused by a right-to-left shunt (378). An echocardiogram can be 

used to assess heart function, as well as determine if there is a structural or congenital 

heart disease. Pulse oximetry screening is frequently used on patients to monitor oxygen 

saturation and determine if an adequate amount of oxygen is being delivered to the 

tissues. Oximeter probes are placed on preductal (right-hand) and postductual (feet) sites 

to assess for right-to-left shunting at the ductus arteriosus. A difference greater than 15% 

between preductual and postductal oxygen saturations correlates with severe right-to-left 

shunting of the blood (397). A complete blood work-up can be used to identify the 

etiological factors responsible for PPHN. For example an abnormally high white blood 

cell count would indicate the presence of sepsis. Blood glucose and calcium levels can 

also be used to help indentify a metabolic cause. Calcium is a critical cofactor required 

for endothelial NO synthase activity (11). Hypoglycemia and hypocalcaemia are known 

to worsen PPHN by promoting vasoconstriction (378).  Brain natriuretic peptide (BNP) is 

an extremely valuable and reliable marker that can contribute to the diagnosis of PPHN. 
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Initial BNP levels of 550 pg/ml or greater were able to predict PPHN with a specificity of 

100% and a sensitivity of 85% (388). BNP levels have also been observed to increase in 

patients with rebound pulmonary hypertension following the removal of NO treatment 

(489). 

 Management of PPHN is aimed at selectively reducing pulmonary vascular 

resistance, while maintaining systemic blood pressure, reversing right-to-left shunting, 

and improving arteriolar oxygen saturation and delivery of oxygen to the tissues (378, 

506). Treatment of PPHN depends on the underlying etiology and stage of pulmonary 

hypertension. As pulmonary hypertension progresses, the hypertensive component of the 

disease due to constriction of the pulmonary vessels decreases, as fixed obstruction 

increases (20). During the early stage of PPHN, patients are most likely to respond to 

local vasodilator therapy with the potential of the disease being treatable. However, late 

PPHN is less responsive to therapeutic intervention, as the vasodilator response is lost. 

This stage marks the disease as irreversible, due to fibrosis (21). 

 Current therapies for PPHN include oxygen supplementation, inhaled NO, 

mechanical ventilation, surfactant, phosphodiesterase (PDE) enzyme inhibitors, 

prostaglandins, endothelin receptor antagonists, calcium channel blockers, magnesium 

sulfate, tolazoline, ROS scavengers, and RhoA/Rho kinase inhibitors (378, 445, 506). 

Oxygen is one of the most important pulmonary vasodilators and is thus used as the 

primary mode of treatment for infants with PPHN (156). However, exposure to high 

concentrations of oxygen causes increased oxidative stress, activates the Rho kinase 

signaling pathway and alters the expression of calcium-sensitive potassium channels 

(463). Hyperoxia also attenuates the vasodilator effects of endogenous and exogenous 
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NO by decreasing cyclic GMP (107), as well as generates peroxynitrite (150). 

Mechanical ventilation improves oxygenation, achieves normal lung volumes and 

prevents the harmful effects of high or low lung volumes on PVR (445). PPHN infants 

with parenchymal lung disease have demonstrated lung recruitment with improved 

oxygenation and decreased right-to-left extrapulmonary shunting during high frequency 

oscillatory ventilation (238). Surfactant therapy has been shown to be most beneficial in 

infants with pneumonia and meconium aspiration syndrome as it can improve 

oxygenation, decrease air leaks and reduce the need for extracorporeal membrane 

oxygenation (ECMO), a technique of providing respiratory support (355). Sildenafil, a 

PDE5 inhibitor, and milrinone, a PDE3 inhibitor, prevent degradation of cyclic GMP and 

cyclic AMP respectively in smooth muscle cells, causing pulmonary vasodilatation (378). 

Both are fairly new therapies and thereby require further investigations to assess their 

efficacy and safety in infants with PPHN. Prostaglandins, endothelin receptor 

antagonists, calcium channel blockers, magnesium sulfate, and tolazoline have all been 

shown to reduce pulmonary vasoconstriction, but at the expense of decreasing systemic 

blood pressure (506). They are considered nonspecific vasodilators and must be used 

with caution when treating PPHN. Further studies are required to increase the specificity 

of these drugs to the pulmonary circuit. Treatment of heart failure with dobutamine 

and/or dopamine is normally used in conjunction with PPHN therapies to optimize 

cardiac output and systemic oxygen transport (445). Infants who fail to sustain stable 

hemodynamics, improved oxygenation, and a normal acid-base status with the above 

therapies may require ECMO (2). ECMO has been shown to improve the survival of 

neonates with severe respiratory failure, only if the lung disease demonstrates to be in the 
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early stage of PPHN (319). Overall, ECMO is an invasive method of treatment, leading 

to cardiovascular, mechanical and renal complications, with the rate of complications 

increasing as ECMO persists (262).  

  

 III.3.1. ANIMAL MODELS OF PPHN 

 Numerous animal models have been designed to study PPHN, to improve the 

disease outcome. Neonatal pulmonary hypertension can be caused by a variety of factors, 

as well as secondary to other diseases. The type of animal model selected is based on the 

pathology of interest to study. In general, all PPHN animal models have elevated 

pulmonary arterial pressure with some degree of hypoxemia, and are classified as either 

acute or chronic (447). Acute models have a distinct advantage of being relatively easy to 

produce in a short period of time and can mimic clinical scenarios of hypoxic stress 

during labor and delivery or aspiration of meconium (447). Chronic models of PPHN are 

characterized by a pulmonary arterial pressure that is equivalent to the systemic circuit 

with right-to-left extrapulmonary shunting (447). These models can be used to study 

structurally abnormal, remodeled pulmonary vascular beds (324), as well as alterations in 

gene expression (172). The main disadvantages with chronic PPHN animal models are 

the high costs, technical complexity, and long periods of time required to produce data. 

 Acute models of PPHN include the use of hypoxic vasoconstriction, neonatal 

sepsis and meconium aspiration. Hypoxic vasoconstriction increases pulmonary arterial 

pressure and PVR, but the effects are attenuated in the early newborn period with the 

increase in prostacyclin in response to hypoxia (118, 155). Thus, the severity of 

pulmonary hypertension depends on the onset of hypoxic vasoconstriction in the newborn 
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(118). In the animal, administration of heat-killed or live group B Streptococcus bacteria 

or its exotoxin causes neonatal sepsis (68). The result is biphasic pulmonary hypertension 

with a decrease in alveolar ventilation and oxygenation (302). In the first phase, cardiac 

output is decreased, resulting in hypoxemia that is mediated by the prostanoid 

thromboxane (171). The second phase, which is independent of the first, leads to 

systemic hypotension and pulmonary edema due to infiltration of the inflammatory cells 

in the lung (447). Meconium aspiration syndrome is the most frequent cause of 

respiratory failure and pulmonary hypertension in the newborn (458). Meconium has 

been administered both before and after the onset of respiration in a wide range of 

newborn and adult animals, such as piglets, rabbits, rats and lambs (75, 219). Majority of 

studies use human meconium, but the concentration and method used to prepare the 

meconium differs widely between groups (447). Aspiration of meconium in these animal 

models only causes modest pulmonary hypertension (65). However, these animal models 

have shown that meconium interferes with native surfactant pools, which increases 

surface tension (316), and that inhaled NO improves oxygenation by better ventilation-to-

perfusion matching (19). 

 In the chronic animal models, neonatal pulmonary hypertension is inflicted either 

before or immediately after birth. Newborns that die of idiopathic PPHN have increased 

medial smooth muscle in the pulmonary arteries, as well as extension of muscle into 

normally non-muscular areas (179, 324). Altered intrauterine environment probably 

produces these structural changes in the pulmonary circulation of the fetus. Thus, 

intrauterine models using fetal and newborn lambs have been designed to study the 

mechanisms regulating normal adaptation of the pulmonary vasculature at birth (30, 123, 



 

! '&!

400). The large size of fetal lambs makes it easy for surgical intervention and study of 

their physiology, and the ewes are relatively resistant to premature labor (447).  

 There are four different types of prenatal animal models: chronic intrauterine 

hypoxia, ductal ligation or constriction, chronic NO synthase inhibition and congenital 

diaphragmatic hernia. Chronic maternal hypobaric hypoxia has been shown to retard 

growth of the pulmonary vasculature, but it does not affect lung function (323). In lambs, 

partial compression of the umbilical cord for two weeks has shown to decrease oxygen 

saturation and tension, but these effects were lost after delivery (432). Daily embolization 

of the placenta causes PPHN, but with a very high mortality (93). Thus, the chronic 

intrauterine model has had some technical difficulties over the years and is not a first 

choice model to study PPHN. In the fetus, the ductus arteriosus diverges RV output away 

from the lungs, preventing remodeling of the pulmonary arteries. Fetal lambs born 7 to 14 

days after ductual ligation or constriction have pulmonary hypertension (314) that 

resembles the human syndrome with a high pulmonary arterial pressure, hypoxemia, 

extension of muscle into distal non-muscular arteries and formation of fibrosis in the 

adventitia (512). Ductual constriction or ligation has proven to be an excellent model to 

study PPHN. It has been used to study inhaled NO in clinical trails of PPHN (533). This 

model has also been pertinent in showing that the activity, mRNA and protein content of 

endothelial NOS are decreased due to increased enodthelin-1 production (419). In the 

chronic NO synthase inhibitor model, N%-nitro-L-arginine is administered to lambs in 

utero. The result is PPHN associated with increased pulmonary arterial pressure and 

PVR, as well as shunting of deoxygenated blood across the foramen ovale (124). Since 

pulmonary vascular remodeling is absent in this model, these lambs are fully responsive 
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to NO donors and the pulmonary hypertension can be reversed with administration of L-

arginine (124). Congenital diaphragmatic hernia is surgically produced in fetal lambs 

during the second trimester (6). Results of this surgery are a decrease in total size of the 

pulmonary vascular bed and an increase in muscle surrounding the pulmonary arteries 

(192). These lambs develop PPHN with a pulmonary arterial pressure equivalent to aortic 

pressure that is associated with structural alterations (231), and not NO synthase 

production (222). Surgical animal models of congenital diaphragmatic hernia are being 

used to test PPHN therapies such as inhaled NO (223), partial liquid ventilation (511), 

exogenous surfactant replacement (146) and antenatal repair (176).!

 Postnatal animal models of PPHN involve the most widely used chronic hypoxia 

model and congenital heart disease. Exposure of newborn piglets to 72 hours of hypoxia 

maintains the pulmonary vasculature in its fetal shape (180), increases myofilaments in 

the pulmonary arterial smooth muscle cells (10), and reduces endothelial NOS activity 

(119). This model demonstrates that newborns are more susceptible to hypoxic insult 

than older piglets. Newborn calves raised at high altitudes also develop severe pulmonary 

hypertension with medial hypertrophy, thickening of the adventitia and hypoxemia (450). 

Large aorta-to-pulmonary shunts surgically placed during late gestation in an ovine fetus 

causes congenital heart disease due to the high flow of blood into the pulmonary circuit 

(381). PPHN develops with an extension of muscle into small peripheral arteries, and 

medial hypertrophy of resistant pulmonary arteries (108, 385). This model has shown that 

endothelium-dependent vasodilatation is decreased, N%-nitro-L-arginine enhances 

constriction of the pulmonary arteries, and plasma cyclic GMP levels are elevated (382).!
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 In the 1970’s, Haworth et al. examined lungs from infants who died with 

pulmonary hypertension. These newborn lungs showed a higher content of muscle in the 

intra-acinar pulmonary arteries, illustrated by in increase in vessel thickness, as well as 

extension of muscle into more peripheral arteries (183). She later examined normal 

adaptation of the pulmonary circuit to extra-uterine life in piglets and compared them to 

the effects hypoxia has on structural adaptation. During normal circulatory transition, the 

pulmonary vasculature showed a reduction in arterial muscle, specifically a decrease in 

filamentous "- and $-actin (165, 181). Piglets exposed to hypoxia for two to five days 

from birth caused the PASMCs to retain their fetal shape and low surface-to-volume ratio 

(182). Hypoxic exposure also prevented the reduction in arterial muscle and burst of 

SMC replication, as well as caused a second increase in SMC muscularity if the hypoxia 

persisted (182). It is believed that the increase in SMC myofilament density may 

exacerbate the disease in the presence of a vasoconstrictor (10). Since then, the 

relationship between vascular smooth muscle cell maturity and contractility in the 

developing pulmonary vessels has not yet been studied, nor has a functional role for the 

increase in $-actin been determined. The remainder of the literature review will now 

attempt to connect PPHN histology with its known biochemistry.  

 

III.4. SMOOTH MUSCLE 

 As an increase in smooth muscle content is pathognomonic of PPHN, we now 

discuss the role of smooth muscle in arterial structure and vasoconstriction. Smooth 

muscle is one of the three types of muscle found in the human body. It is involuntarily 

controlled, and unlike skeletal and cardiac muscle, it does not contain the regular patterns 
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of sarcomeres (164). Smooth muscle cells (SMCs) line the walls of hollow organs and 

vessels in a circular orientation for effective opening and narrowing of the lumen. SMCs 

regulate a variety of functions such as controlling blood vessel tone in vascular smooth 

muscle, emptying the bladder, rhythmically contracting the gastrointestinal tract to propel 

waste forward, regulating the diameter and size of the pupils, and tonically contracting 

sphincters located in the urethra, uterus and ureter.  

 Smooth muscle can be mechanically classified as either phasic (fast contracting) 

or tonic (slow contracting) (436). Phasic smooth muscle is normally in a relaxed state and 

contracts only periodically. It is characterized by rapid rates of force activation and 

relaxation, fast maximum velocity of shortening (Vmax) and high actomyosin ATPase 

activity (389). The bladder contains phasic smooth muscle; it rapidly contracts, with 

assistance from the abdominal muscles, a few times a day to empty its contents. In 

contrast, tonically active smooth muscle is normally contracted and relaxes only briefly. 

Tonic smooth muscle is characterized by slow rates of force activation and relaxation, 

slow Vmax and slow ATPase activity (389). Vascular smooth muscle is tonic such that it 

remains normally contracted, except in times of vigorous muscular activity. 

 Smooth muscle can function as two different types: unitary (or single-unit) and 

multi-unit. In single-unit muscle, a neuromuscular junction innervates an entire sheet or 

bundle of muscle fibers. Cells that receive the stimulus then transmit it to neighboring 

cells via gap junctions, so the entire bundle or sheet contracts as a syncytium (164). The 

majority of the smooth muscle in your body, such as the muscle that lines the urinary and 

digestive tract, functions as unitary. On the other hand, multi-unit smooth muscle 

receives fine innervations, allowing for regulation of individual cells (164). This type of 
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smooth muscle is composed of discrete, individual smooth muscle fibers that are 

insulated by a mixture of collagen and glycoproteins (164). Multi-unit SMCs control the 

opening of the iris and erection of hairs on your skin. 

 Smooth muscle is primarily regulated by the autonomic nervous system. Nerve 

endings form synapses with SMCs and contain either norepinephrine or acetylcholine 

(164). Norepinephrine activates adrenoceptors to cause membrane depolarization, 

permeating an influx of Ca
2+

 from the extracellular space, which results in SMC 

contraction (242). Hormones and local tissue chemical factors also regulate the activity of 

SMCs without eliciting an action potential (164). For example, lack of oxygen, excess 

carbon dioxide or an increased concentration of hydrogen ions in the blood causes 

vasodilatation. Oxytocin, a circulating hormone in the blood, regulates contraction of 

smooth muscle in the uterus during labor and delivery. 

 

 III.4.1. STRUCTURE OF SMOOTH MUSCLE 

 Smooth muscle fibers are spindle-shaped, ranging from 1 to 5 µm in diameter and 

20 to 500 µm in length (164). They contain a prominent centrally located nucleus, 

surrounded by numerous mitochondria and smooth endoplasmic reticulum (ER) that 

provide efficient amounts of ATP and Ca
2+

 for contraction (429). The remainder of the 

cytoplasm contains the disorganized contractile apparatus, composed of interdigitated 

filaments held in place by a latticework of fibers and dense bodies (33). The contractile 

apparatus is composed of thick (myosin) and thin (actin) filaments, named after their 

appearance under the light microscope (211). Smooth muscle contraction is 

predominantly regulated by thick filament regulation, i.e. phosphorylation of the 
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regulatory myosin light chain. The contractile apparatus also contains regulatory proteins 

such as tropomyosin, calponin and caldesmon, which regulate the interaction between 

myosin and actin. Upon an increase in intracellular Ca
2+

, tropomyosin displaces to expose 

the myosin-binding sites on actin filaments (313). Calponin and caldesmon modulate the 

contractility of smooth muscle by either inhibiting the actin-activated ATPase of myosin 

(514) or the sliding of actin filaments over myosin heads (424). Actin filaments attach to 

dense bodies located at the cell membrane, referred to as focal adhesions or adheren 

junctions, and within the cytosol. Adheren junctions couple to each other in adjacent 

cells, and are rich in vinculin, talin and "-actinin (91, 111). They function as attachment 

sites to the surrounding connective tissue such that tension generated by the contractile 

filaments is transmitted to the extracellular matrix via transmembrane integrins (317). 

Dense bodies within the cell function as organizational sites for thick and thin filaments, 

and provide mechanical coupling between the cytoskeleton, contractile apparatus and 

plasma membrane (224). Intermediate filaments composed of desmin or vimentin, bind to 

these sites to provide structural support and help relay the shortening of the cell (51). 

Invaginations in the cell membrane called caveolae increase the surface area of the cell 

membrane. They couple with the sarcoplasmic reticulum to facilitate entry and removal 

of Ca
2+

 ions in the cytosol (373). Caveolae are also regions rich in receptors, ion 

channels, second messengers and effector kinases (152). They function in regulating 

cellular signals and vesicular transport. SMCs are interconnected by gap junctions that 

electrically couple neighboring cells (520). Gap junctions contain pairs of connexon 

molecules that function as molecular pores or channels between the cells (83). Small 
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molecules and ions such as Ca
2+

, ATP or cAMP can pass through these pores to regulate 

contraction of the entire bundle of smooth muscle (403). 

 Each muscle cell is surrounded by an external lamina, which contains fine 

connective tissues and reticular fibers (164). SMCs are unique in that they produce their 

own extracellular matrix (ECM) components. The ECM anchors the cells together and 

transmits mechanical signals to the other cells, allowing the bundle to function as a single 

unit (444). 

  

 III.4.2. PHENOTYPE AND MECHANICAL PLASTICITY 

 Smooth muscle cells can exist in a range of different phenotypes, with the two 

extremes being synthetic and contractile (50). Synthetic SMCs are highly proliferative, 

contain a high number of organelles involved in protein synthesis, and exhibit high 

migratory activity (173). In contrast, contractile SMCs contain large numbers of 

contractile filaments, which function in controlling vessel diameter (173). Smooth muscle 

cells switch between these two phenotypes by a process called phenotypic modulation in 

response to epigenetic mechanisms and environmental cues such as ECM components, 

biochemical factors and physical factors like stretch and shear stress (386). Vascular 

SMCs demonstrate remarkable plasticity and can undergo changes in phenotype during 

repair after vascular injury, as well as during remodeling after altered blood flow or in 

various disease states (358).  

 Smooth muscle cells also have the unique ability to adapt easily and quickly to 

changes in length without compromising their ability to generate force (133). Thus, they 

can generate maximum force (Po) when moved away from their optimal length (Lo). 
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Length adaptation occurs within minutes in smooth muscle (328). Mechanisms and 

factors that control the rate of plastic adaptation are unknown. Researchers believe that 

mechanical plasticity either has to do with changes in the myosin architecture or with the 

connection of actin filaments to membrane-associated dense bodies. Some researchers 

have suggested that the number of myosin filaments per cell are not fixed, but that 

myosin filament density and number change with altering lengths (251). As the cell 

adapts to a new length, myosin filaments remodel in such a way that they are able to 

generate the same degree of force (250). Two configurations of myosin have been found: 

6S and 10S. The 10S configuration exists as a folded-up monomer, which can unfold and 

form filaments by adapting the 6S configuration (475). In tracheal smooth muscle, 

remodeling of the actin cytoskeleton is required for full development of agonist-induced 

force (157). Polymerization of actin, tyrosine phosphorylation of paxillin and activation 

of Rho and Cdc42 lead to conformational changes within the focal adhesion sites to 

reinforce the actin stress fibers and stiffen the cytoskeleton (157). Stiffness is elevated as 

additional cross-bridges are formed that do not contribute directly to force development. 

Disassembly and spatial reorientaion of vimentin and desmin have also been shown to 

influence force development in smooth muscle (459).  

   

III.5. SMOOTH MUSCLE CELL CONTRACTION 

 Although smooth muscle does not have the regular pattern of striations as skeletal 

muscle, SMCs contract via the sliding filament theory, a mechanism that is powered by 

myosin cross-bridges interacting with actin filaments (202). Smooth muscle myosin has a 

much slower rate of cross-bridge cycling (289), generates four times as much force 
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compared to skeletal muscle (483), and myosin filaments form side-polar rather than 

bipolar structures (518). Nevertheless, at the molecular level the cross-bridge cycle is 

essentially the same in smooth and striated muscles. Calcium functions as a second 

messenger, triggering the cross-bridge cycle between the two major contractile proteins, 

actin and myosin. Cross-bridge cycling shortens the cell via the sliding of actin and 

myosin filaments towards each other. Activation of the contractile apparatus is initiated 

by an increase in cytoplasmic Ca
2+

 levels, either via entry from the extracellular space or 

released from intracellular stores. Ca
2+

 that enters the cytoplasm must be removed in 

order to initiate muscle relaxation and maintain Ca
2+

 homeostasis. Numerous specialized 

Ca
2+

 transporters and ion channels located in the plasma and sub-cellular compartmental 

membranes accomplish these events. Failure to remove the high levels of intracellular 

Ca
2+

 will result in an abnormally contracted cell, which leads to the cause of many 

respiratory, vascular, gastrointestinal and genitourinary diseases.  

 

 III.5.1. CALCIUM-DEPENDENT SMOOTH MUSCLE CONTRACTION 

 Contraction in SMCs is initiated by an increase in cytoplasmic Ca
2+

 

concentration. An increase in cytoplasmic Ca
2+

 is both chemically and electrically 

favored. The higher Ca
2+

 concentration in the extracellular space (~2mM) versus the 

lower intracellular Ca
2+

 concentration (10
-5

 to 10
-7

M) provides an inward chemical 

gradient for Ca
2+

 (294). In addition, the negative resting membrane potential (-50 to -

60mV) acts as an inward electrical gradient, attracting positively charged Ca
2+

 ions (164). 

There are three different stimuli that can cause an increase in cytoplasmic Ca
2+

 

concentration. These stimuli are: electrical, chemical or mechanical. Changes in 
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membrane potential, brought on by the firing of an actin potential can trigger a 

contraction. This occurs by depolarizing the membrane (less negative potential inside the 

cell), resulting in an increase in cytoplasmic Ca
2+

. Membrane potential couples tightly 

with muscle contraction and relaxation, such that membrane depolarization favors 

contraction, while membrane hyperpolarization (more negative potential inside the cell) 

favors relaxation. Smooth muscle membrane depolarization is primarily mediated by the 

activity of voltage-gated Ca
2+

 channels (L-type Ca
2+

 channels), chloride (Cl
-
) channels, 

and nonselective cation channels (NSCCs). Potassium (K
+
) channels regulate membrane 

hyperpolarization. Opening of both Cl
-
 channels and NSCCs generate an inward current 

and increase cytoplasmic Ca
2+

. In contrast, opening of K
+
 channels (by membrane 

depolarization and increase in cytoplasmic Ca
2+

) produces an outward current and 

reduces Ca
2+

 influx, thereby providing a negative feedback system to excitation. 

Chemical stimuli such as norepinephrine, epinephrine, thromboxane, and angiotensin II 

can also elicit a contraction. These substances bind to specific receptors on the cell 

surface to activate various signaling pathways, which result in an increase in cytoplasmic 

Ca
2+

. The role of each stimulus varies among smooth muscle types and on cell specific 

receptor expression, but the end result is always the same. For example, acetylcholine and 

noradrenaline both cause an increase in cytoplasmic Ca
2+

 levels; even though 

acetylcholine signaling is dominant in visceral (nonvascular) smooth muscle, whereas 

noradrenaline signaling plays a larger role in vascular SMCs (466). Passive stretching of 

smooth muscle can also elicit a contraction. This type of stretching is termed myogenic 

response, and is described as the tendency of vessels to constrict in response to elevation 

of intravascular pressure, while they dilate in response to pressure reduction. Myogenic 
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response is inherent to SMCs and independent of neural, metabolic, and hormonal 

influences. It is most pronounced in arterioles, but has also been shown in venules, veins, 

arteries, and lymphatics (77). Thus, stretching of a vessel results in activation of 

nonselective cation channels, and is accompanied by membrane depolarization, and an 

increase of intracellular Ca
2+

 concentration. 

 Figure 4 illustrates the mechanisms underlying SMC contraction. Increase in 

intracellular Ca
2+

 is caused by entry of calcium into the cell (mainly through L-type Ca
2+

 

channels) or by release of Ca
2+

 from internal stores such as the sarcoplasmic reticulum 

(SR). Free or unbound Ca
2+

 binds to a Ca
2+

-binding protein called calmodulin in a 4:1 

ratio. The Ca
2+

-calmodulin complex activates myosin light chain (MLC) kinase, an 

enzyme that phosphorylates the 20kDa MLC in the presence of adenosine triphosphate 

(ATP). MLCs are regulatory subunits attached to the myosin heads. Phosphorylation of 

MLC and binding of ATP initiate the process of shortening. The catalytic site of myosin 

hydrolyzes ATP and causes the myosin to undergo a conformational change into a high-

energy state. During this time the myosin head binds to actin forming a cross-bridge 

between the thick and thin filaments. The energy stored by myosin is then released, 

accompanied by dissociation of adenosine diphosphate (ADP) and inorganic phosphate. 

The resulting myosin molecule rotates its globular head, which causes longitudinal 

sliding of the thick filaments over the actin filaments. Sliding of the thick (myosin) 

filament towards the barbed (+) end of the thin (actin) filament shortens the cell. The 

contractile activity is primarily determined by the phosphorylation state of MLC, so this 

process must be highly regulated. Phosphorylation of MLC is controlled by the activity of 

MLC kinase, while the dephosphorylated state is regulated by MLC phosphatase activity.  
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Figure 4  Mechanism illustrating smooth muscle cell contraction. 

 

Intracellular calcium (Ca
2+

) concentration is increased either from entry from the extracellular 

space or release from the endoplasmic reticulum (ER). Four calcium molecules than bind to 

calmodulin (CaM), which as a complex can then activate myosin light chain kinase (MLCK). 

Active MLCK uses the energy from ATP to phosphorylate myosin, which results in contraction. 

To initiate relaxation, myosin light chain phosphatase (MLCP) removes the phospho-group from 

the myosin. Inhibition of MLCP activity can be accomplished by phosphorylation of its myosin-

binding subunit (MYPT), either through activation of the RhoA/Rho kinase and/or PKC 

pathway(s).   
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Some SMCs maintain a low level of phosphorylated MLC in the absence of external 

stimuli. This is known as smooth muscle tone and its intensity can vary between different 

smooth muscle types. Smooth muscle relaxation occurs either by the removal of the 

contractile stimulus (excitatory agonist) or by the direct action of a substance that 

stimulates inhibition of the contractile mechanism (addition of a vasodilator). This 

process of relaxation requires a decreased intracellular Ca
2+

 concentration via Ca
2+

 

extrusion to the extracellular space and Ca
2+

 uptake into intracellular stores, along with 

an increase in MLC phosphatase activity. 

 Intracellular Ca
2+

 concentrations are very important in regulating smooth muscle 

contraction. The concentration of intracellular Ca
2+

 is balanced between the Ca
2+

 entry 

and removal from the extracellular space, as well as the Ca
2+

 release and uptake into the 

intracellular stores (Figure 5). Ca
2+

 entry from the extracellular space is regulated by 

voltage-dependent Ca
2+

 channels (VDCCs), specifically L-type and T-type, as well as by 

NSCCs (including stretch-sensitive, capacitative Ca
2+

 entry, and purinergic receptors). 

An increase in cytoplasmic Ca
2+

 can also occur through activation of G protein coupled 

receptors and tyrosine kinase receptors to generate inositol triphosphate (IP3). 

Intracellular stores can release Ca
2+

 via activation of IP3 and ryanodine (RyR) receptors. 

Removal of Ca
2+

 to the extracellular space occurs via the plasma membrane Ca
2+

-ATPase 

and the Na
+
/Ca

2+
 exchanger. An ATP dependent Ca

2+
 pump in the SR and a Ca

2+
 

uniporter in the mitochondria both control uptake of the Ca
2+

 ions.  
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Figure 5  Mechanisms regulating intracellular calcium concentration. 

 

Increases in cytoplasmic calcium (Ca
2+

) concentration occur by release of Ca
2+

 from the 

endoplasmic reticulum (ER) through ryanodine and inositiol triphosphate (IP3) receptor 

channels, as well as by opening of Ca
2+

 channels in the plasma membrane. IP3 is generated when 

G protein coupled receptor (GPCR) and receptor tyrosine kinase (RTK) activate phospholipase 

C (PLC). Removal of intracellular Ca
2+

 occurs primarily by Ca
2+

-ATPase located in the ER and 

plasma membrane. Ca
2+

 is also removed via a sodium-calcium (Na+/Ca
2+

) exchanger in the 

plasma membrane and a Ca
2+

 uniporter in the mitochondria.  
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 III.5.2. CALCIUM-INDEPENDENT SMOOTH MUSCLE CONTRACTION 

 An increase in cytoplasmic Ca
2+

 triggers the cross-bridge cycle between actin and 

myosin filaments, resulting in smooth muscle contraction. There are other mechanisms, 

beside an increase in intracellular Ca
2+

, which are important in regulating smooth muscle 

contraction. Many agonists can increase the relative amount of force produced at a 

constant intracellular Ca
2+

 concentration. This change in smooth muscle contractility 

without a change in cytoplasmic Ca
2+

 is termed Ca
2+

 sensitization. Ca
2+

 sensitivity is 

achieved by inhibition of MLC phosphatase activity, either through the RhoA/Rho kinase 

and/or PKC pathway. MLC phosphatase removes the high-energy phosphate from the 

20kDa light chain of myosin to promote smooth muscle relaxation (434). This enzyme is 

composed of three subunits: a 37 kDa catalytic subunit, a 20 kDa variable subunit with 

unknown function, and a 110 to 130 kDa myosin-binding subunit (MYPYT-1). 

Phosphorylation of the myosin-binding subunit on MLC phosphatase inhibits its 

enzymatic activity. Thus, MLC remains phosphorylated and contraction is sustained.  

 Receptors activate a heterotrimeric G protein that is coupled to RhoA, when 

bound with excitatory agonists. Active RhoA then targets a serine/threonine kinase called 

Rho kinase, which is responsible for phosphorylating the myosin-binding subunit of 

MLCP. Pharmacological inhibitors of Rho kinase, such as Y27632 and fasudil, block its 

activity by competing with the ATP-binding site on the enzyme to induce smooth muscle 

relaxation (56, 478). Guanine nucleotide exchange factors (RhoGEFs) can also regulate 

the duration and intensity of the RhoA signal; thereby regulate the activity of MLC 

phosphatase. Therefore, increased activity and/or expression of RhoGEFs would also 

amplify smooth muscle contraction.  
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 MLC phosphatase activity can also be inhibited by CPI-17 (PKC-potentiated PP1 

inhibitory protein of 17 kDa), a downstream mediator of PKC. A single phosphorylation 

at threonine-38 increases the inhibitory potency of CPI-17 by >1000-fold (106). When 

phosphorylated, CPI-17 acts as a pseudosubstrate for MLC phosphatase, binding to its 

catalytic site and competing with MLC for phosphorylation. Several kinases have been 

found to phosphorylate CPI-17, such as PKC isoforms, integrin-linked kinases, and ZIP-

kinases (79, 105, 283). Excitatory agonists (e.g. histamine and endothelin-1) that induce 

MLC phosphorylation and smooth muscle contraction can also lead to phosphorylation of 

CPI-17. The addition of small interfering RNA or antibody microinjection has been 

shown to deplete endogenous CPI-17. Depletion of CPI-17 has been shown to eliminate 

cerebellar long-term synaptic depression of Purkinje cells (104).   

 Smooth muscle contraction has also been shown to be Ca
2+

-independent in some 

preparations, either via activation of Ca
2+

-independent kinases or by remodeling of the 

cytoskeleton. In vitro, smooth muscle myosin is capable of being phosphorylated in a 

Ca
2+

-independent manner by integrin-linked kinase (80), Rho kinase (252), and zipper-

interacting protein kinase (322). Remodeling of the cytoskeleton can also facilitate the 

transmission or maintenance of force development by the actin-myosin cross-bridges. 

The molecular mechanisms of how cytoskeleton remodeling modulates contractility are 

not well understood. Remodeling of the cytoskeleton has been shown in airway smooth 

muscle, as well as in blood vessels. The process may involve actin polymerization, 

turnover of adhesion plaque proteins, and activation of non-receptor tyrosine kinases such 

as Src family members (275).  
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III.6. THROMBOXANE RECEPTOR 

 Thromboxane (TP) is a major pulmonary arterial vasoconstrictor implicated in 

both Ca
2+

-dependent and Ca
2+

-independent arterial smooth muscle contraction in PPHN. 

The TP receptor is a member of the seven transmembrane G protein coupled receptor 

(GPCR) superfamily (196), named after its endogenous prostaglandin ligand 

thromboxane A2 (TXA2) (82). TP receptors have been found in a wide range of cell types 

and organ systems such as the placenta, heart, lung, aorta, kidney, spleen, and intestine, 

among others (208). TP functions in both homeostatic and pathological processes, as 

downstream signaling of the receptor leads to vasoconstriction and platelet aggregation 

(170). Activation of the TP receptor has been shown to be involved in hypertension, 

inflammatory lung disease, asthma, acute myocardial infarction, modulation of the 

immune response and nephrotic syndrome (208). This is achieved by turning on signaling 

pathways that regulate cytoskeletal arrangement, cell adhesion, motility, cellular ion flux, 

nuclear transcription factors, cell survival, apoptosis, and proliferation (208). Multiple 

signaling pathways can be activated through the TP receptor, as it couples to four 

different G proteins: G"q, G12, Gi and Gs (9, 349, 421, 479). Downstream effectors that 

become activated are inositol triphosphate (IP3), diacyl glycerol (DAG), small G proteins 

like Rho, cyclic AMP, protein kinase A and protein kinase C (337, 421). Signaling of the 

TP receptor depends on the type of cell and organ where it is located, since activation of 

the TP receptor can cause a different response in each cell type. TP signaling can be 

downregulated by phosphorylation of its C-terminal tail (237, 499), and up-regulated by 

GPCR cross signaling (87, 149).  
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 In humans, the gene for the TP receptor is located on chromosome 19p13.3 (348). 

Two isoforms of TP receptor exist, TP" (343 amino acids in length) and TP# (with 407 

amino acids), by alternate splicing (236). The isoforms have identical N-terminal 

domains, but differ exclusively at the C-terminus with the beta isoform having an 

extended tail (380). Isoforms differ in their kinetics and mechanisms of desensitization 

and internalization (360, 529). Both TP receptor isoforms have identical affinities for 

ligand and are expressed in most cell types (309). Human vascular smooth muscle cells 

express both TP" and TP#, while platelets express high concentrations of the " isoform 

(196), compared to endothelial cells that mainly express the # isoform (380). The C-

terminal tail determines G protein coupling specificity. Both isoforms functionally couple 

to G"q protein, which activates phospholipase C (PLC), leading to an increase in 

intracellular calcium and activation of protein kinase C (421). However, TP isoforms 

couple to different G proteins to regulate adenylate cyclase activity. TP" activates 

adenylate cyclase, while TP# inhibits its enzyme activity (197). TP receptor differences 

in the C-terminal tail sequence also differ in their ability to internalize in response to 

agonist. In HEK-293 cells, TP# but not TP" undergoes agonist-induced GRK 

phosphorylation and internalization, whereas the C-terminus of TP" is not capable of 

being phosphorylated by GRKs (360).  

 Endogenous TXA2 is very unstable, with a half-life of ~30 seconds in aqueous 

solution (170).  Thus, compounds have been synthesized to study TP-mediated effects. 

U46619 and I-BOP are two specific TP receptor agonists and SQ29548 is a highly 

selective antagonist. TP receptor antagonists have been evaluated as potential therapeutic 

agents for hypertension and asthma (420). Some studies have revealed that TP receptor 
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antagonists are more effective therapeutically to use than thromboxane synthase 

inhibitors (266). In a piglet model of PPHN, exposure to 3 days of hypoxia increased 

serum TXA2 levels (120). Administration of terbogrel, a TP synthase inhibitor-receptor 

antagonist, attenuated the development of chronic hypoxia-induced PPHN in these piglets 

(121). 

 III.6.1. G PROTEIN COUPLED RECEPTORS 

 G protein coupled receptors (GPCRs) constitute one of the largest families of 

membrane proteins. Their primary function is to transduce signals from the extracellular 

space into intracellular reactions via a mechanism of G protein coupling (365). GPCRs 

play a key role in many physiological processes such as cellular differentiation and 

metabolism, secretion and neurotransmission (184). They are also involved in many 

different diseases and thus, have become the targets for more than half of all modern 

medicinal drugs (127). GPCRs are divided into five families based on structural 

homology: (i) Class A Rhodopsin like, (ii) Class B Secretin like, (iii) Class C 

Metabotropic glutamate/pheromone, (iv) Vomeronasal receptors, and (v) Taste receptors 

(365). Class A comprises more than 70% of the GPCRs present in humans (129). 

Prostanoid receptors, i.e. TP and PGI2, belong to the Class A family, and are poorly 

characterized in regard to their three dimensional structure, mechanisms of activation and 

pharmacogenetics (49).   

 The structure of a GPCR comprises of seven "-helical transmembrane (TM1-7) 

domains that are linked by three extracellular (N-terminus) and three intracellular (C-

terminus) loops (206). TM domains span the plasma membrane in a counter-clockwise 

manner and contain about 25 to 35 residues that have a high degree of hydrophobicity 
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(129). GPCRs usually have at least one glycosylation site in their N-terminal domain 

(510). All prostanoid receptors have a conserved glycosylation site in their N-terminus 

that is required for correct sorting of the protein to the plasma membrane (31), as well as 

another one in one of their extracellular loops (480). The extracellular loops also contain 

two highly conserved cysteine residues that form a disulfide bond required for receptor 

function (112, 536). Mutation of the TP receptor at the conserved extracellular cysteine 

residues Cys-105 and Cys-183 decreases ligand-binding affinity and attenuates 

downstream calcium signaling (54, 71). Numerous GPCRs have been shown to be 

palmitoylated within their intracellular loops and/or C-terminal tail. Palmitoylation is the 

covalent modification of cysteine residues via addition of a hydrophobic acyl group. 

Receptors that are palmitoylated are targeted to cholesterol- and sphingolipid-rich 

microdomains of the plasma membrane (304). Palmitoylation also affects GPCR function 

and regulation, but is receptor specific (310, 472). TP" is not palmitoylated, but 

palmitoylation of TP# is required for efficient Gq/phospholipase C# coupling (383).  

 The tertiary structure of a GPCR resembles a barrel, with the seven TM helices 

forming a cavity within the plasma membrane that serves as the ligand-binding domain. 

Many different types of ligands, varying in size, can bind to GPCRs such as photons, 

Ca
2+

, amino acids, amine derivatives, peptides, proteins and lipid molecules (213). 

Ligands bind to resides in the TM7 region (122). In prostanoid receptors, ligand binding 

also involves the head of the ligand to coordinate with the TM3 region and the ligand 

alkyl chains to interact with TM4/TM5 regions (330). Point mutations in TM7 

completely prevent agonist and antagonists from binding to the TP receptor (132), while 

mutations in TM5 and TM6 selectively alters ligand affinity (54). Ligand binding causes 
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an outward movement of the cytoplasmic part of TM5 and TM6, enabling binding of the 

G" C-terminus (204). In contrast, inverse agonists and antagonists increase the proximity 

between the TM domains to prevent activation of the receptor signaling (274). The 

structure of the C-terminus also functions beyond ligand binding. Intracellular loops and 

the C-terminal tail contain serine and threonine residues that when phosphorylated 

increase the binding affinity of scaffolding proteins called #-arrestins (469). Once bound, 

#-arrestins both sterically prevent G protein coupling as well as recruit other proteins 

such as kinases, phosphatases, phosphodiesterases, and ubiquitin ligases (282). Effects of 

#-arrestin binding constitute modulation of G protein signaling, degradation of second 

messengers and regulation of GPCR endocytosis and trafficking (282). Essentially, 

receptor phosphorylation initializes the events that lead to GPCR desensitization. TP" 

receptor becomes desensitized by phosphorylation of its C-terminus with PKA and PKC 

(325, 496). Regulation of GPCRs is illustrated in Figure 6. 

  

 III.6.2. G PROTEINS 

 GPCRs closely associate with G proteins, which upon ligand binding function to 

relay information from the cell surface to intracellular signaling molecules (81). G 

proteins are heterotrimeric proteins that consist of an ", #, and $ subunit and are bound to 

the inner face of the cell plasma membrane. To date, 15 G" subunits, 5 G# subunits and 

11 G$ subunits have been characterized in humans, with a number of splice variants 

(210). G proteins can be broadly grouped into four families based on " subunit sequence 

homology and nature of their downstream signaling: Gs, Gi, Gq/11 and G12 (393, 427). 

The G" subunit has an intrinsic GTPase domain for GTP binding and hydrolysis, as well 
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Figure 6 GPCR regulation.  

 

Regulation of G protein coupled receptor (GPCR) signaling is mediated by mechanisms that 

control the responsiveness and number of receptors located at the cell surface. After agonist 

binding, the GPCR is uncoupled from its downstream signaling by phosphorylation of serine and 

threonine residues located in the C-terminal tail. Phosphorylation of the GPCR is controlled by 

protein kinase C (PKC), protein kinase A (PKA) and G protein related kinases (GRKs). Receptor 

phosphorylation increases the affinity for scaffolding proteins such as #-arrestins to bind to the 

intraqcellular surface of the GPCR. #-arrestin binding desensitizes the GPCR and initiates 

internalization of the receptor into an endosome. In the cytosol, the GPCR can be 

dephosphorylated and recycled back into the cell membrane for further signaling or it can be 

trafficked to lysosomes for degradation.  
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as binding domains for the G#$ subunits, GPCR and effector proteins (351). The GTPase 

domain has three flexible loops referred to as switches I, II and II that regulate the 

activation state of the G protein via conformational changes (81). The " subunit also has 

an extra helical domain connected to the GTPase region that acts as a lid to cover the 

nucleotide binding pocket (212). All G" subunits, except G"t contain a palmitoyl and/or 

myristoyl chain at their N-terminus for anchoring the subunit to the plasma membrane 

(134, 153). The G# subunit has a circular beta-bladed propeller structure with seven WD-

40 repeats (52). G# and G$ subunits extensively interact with one another in their N-

termini, and thus remain tightly associated at all times (81). G#$ functions in determining 

which G protein couples to the receptor for activation of the specific effectors (298). The 

G# subunit is not lipid modified, but G$ subunit is farnesylated or geranylgeranylated to 

allow proper targeting of the G protein from the endoplasmic reticulum to the plasma 

membrane (308). 

 G proteins cycle between guanosine diphosphate (GDP)-bound or guanosine 

triphosphate (GTP)-bound states (94). In the absence of ligand, G" and G#$ are 

associated in a GDP-bound, inactive state that is physically dissociated from the receptor. 

The G#$ dimer acts as guanine-nucleotide dissociation inhibitor (GDI), preventing the 

spontaneous release of GDP from the " subunit (191). When an agonist binds to the 

receptor, it induces a conformational change in the GPCR that allows coupling of the G 

protein. The activated receptor acts as a guanine nucleotide exchange factor (GEF), 

which promotes dissociation of the bound GDP (94). Since GTP is present at higher 

concentrations than GDP in the cytosol, GTP preferentially binds to the G" subunit. The 

active G" subunit with bound GTP then dissociates from the G#$ dimer to activate, either 
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independently or in parallel, downstream effectors (492). The G"s family of proteins 

directly activates the transmembrane enzyme adenylyl cyclases (AC) to catalyze the 

formation of cAMP (44). G"s subunits can be ADP-ribosylated, as well as permanently 

activated by cholera toxin. In contrast, G"i/o proteins inhibit AC activity and decrease 

intracellular cAMP levels (44). They have also been shown to activate K
+
 channels (363), 

and prevent Ca
2+

 channels from opening (235). The G"q/11 isoform activates membrane-

bound phospholipase C# (PLC#), which then hydrolyzes phosphatidylinositol 4,5-

diphosphate (PIP2) into two second messengers: inositol 1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG) (81). IP3 generation induces calcium release, while DAG (in 

combination with or without Ca
2+

) activates PKC. The G"q/11 family of proteins have 

also been shown to activate K
+
 channels and p63-RhoGEF (81). G"12/13 regulates Rho 

GTPase signaling by activating RhoGEFs, which results in remodeling of the actin 

cytoskeleton (177). Some G#$ dimers activate K
+
 channels, adenylyl cyclase and PLC#, 

while others have been shown to inhibit Ca
2+

 channels and adenylyl cyclase activity (462, 

532, 538). Termination of the G protein signal is facilitated by its intrinsic GTPase 

catalytic activity in the " subunit, which hydrolyzes GTP to GDP, leading to re-

association of G" with G#$ (492). The G protein can now initiate a new cycle, further 

amplifying the signal.    

 GPCRs generally activate one of two main signal transduction pathways: the 

cAMP signaling pathway or the IP3 signaling pathway. Signaling through the TP receptor 

primarily activates G"q/11 or G"12/13 (208), as illustrated in Figure 7. TP coupling to 

G"q/11 results in activation of PLC#, recruitment of IP3, and generation of DAG (26). 

Generation of IP3 leads to intracellular Ca
2+

 mobilization that causes vasoconstriction of 
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Figure 7 TP receptor signaling.  

 

Signaling through the thromboxane receptor (TP-R) primarily activates G"q/11 or G"12/13. TP-

R coupling to G"q/11 results in activation of phospholipase C# (PLC#), which will then 

generate inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). Generation of IP3 leads to 

intracellular calcium (Ca
2+

) mobilization that activates myosin light chain kinase (MLCK) to 

phosphorylate myosin. TP-R coupling to G"12/13 activates the RhoA/ROCK signaling 

pathway. ROCK can directly phosphorylate the myosin light chain, as well as inhibit myosin 

light chain phosphatase (MLCP) and activate LIMK. Active LIMK subsequently phosphorylates 

cofilin to inhibit its actin severing ability and allow the actin filaments to stabilize. 

Phosphorylation of myosin and actin filament stabilization leads to smooth muscle cell 

contraction  



 

! )+!

the pulmonary arteries (86, 195). TP receptor coupling to G"12/13 leads to activation of 

Rho/Rho kinase pathway and subsequent myosin light chain (MLC) phosphorylation 

(243). These events lead to cytoskeletal rearrangements and bidirectional signaling across 

the cell membrane (269, 545). 

 

 III.6.3. RHO GTPASES 

 Rho GTPases are one of the many effector proteins that are activated by G 

proteins. The Rho GTPases form a subdivision of the Ras superfamily of small, 20- to 

30- kDa, GTP-binding proteins (481). They are ubiquitously expressed, with 20 members 

that have been identified in mammals (411). Rho GTPases function as molecular 

switches, cycling between an active GTP-bound state and an inactive GDP-bound state 

(481). They regulate many aspects of intracellular actin dynamics such as cell 

contraction, migration and polarity, as well as membrane trafficking, transcriptional 

activation and control cell growth. Rho GTPases are important in development, such that 

dysregulation of their activity has been associated with numerous diseases and disorders 

(162). RhoA, Rac and Cdc42 are the most well-characterized and studied Rho GTPases 

(163). RhoA regulates stress fibers and adhesion formation; Rac1 is involved in 

lamellipodial protrusions and Cdc42 induces filopodial protrusions (341).  

 A variety of factors can activate Rho GTPases such as G proteins, integrins, 

adhesion molecules, hormones, cytokines, and growth factors. Three types of proteins 

regulate their activity: GEFs, GAPs, and GDIs. Guanine nucleotide exchange factors 

(GEFs) activate the GTPase by promoting the exchange of GDP to GTP, GTPase-

activating proteins (GAPs) increase the intrinsic rate of hydrolysis of bound GTP and 
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guanine nucleotide dissociation inhibitors (GDIs) sequester the GDP-bound GTPase in 

the cytosol (438).  G"12/13 protein regulates four different types of RhoGEFs: p115-

RhoGEF, PSD-95/Disc-large/ZO-1 homology (PDZ)-RhoGEF, leukemia-associated 

RhoGEF (LARG), and lymphoid blast crisis (Lbc)-RhoGEF (426). These RhoGEFs 

function as a link between the GPCR and the Rho GTPase. RhoGEF binds to G"12/13 

via its regulator of G protein signaling (RGS) domain, resulting in inactivation of 

G"12/13 through its GAP function and activation of RhoA (131). RhoGEFs have two 

common motifs in their C-terminal: a Dbl-homology (DH) domain and a pleckstrin-

homology (PH) domain. The DH domain binds to and stabilizes the nucleotide & Mg
2+

-

free RhoA transition state for efficient exchange of GDP to GTP (426). The PH domain is 

essential for functional GEF activity, as well as anchors the RhoGEF to other signaling 

proteins for proper cellular localizations (541). Some RhoGEFs also contain a PDZ 

domain in their N-terminal region that enables coupling of the GEF to receptors (131). 

RhoGEFs can also be sequestered in the cytosol by homo- and hetero-oligomerization, 

which negatively regulates their activity (55). Binding of GAP slightly alters the 

confirmation of RhoA so a water molecule can insert into the catalytic pocket and 

accelerate the hydrolysis of GTP into GDP (311). GDIs bind to the C-terminus of RhoA 

to mask the geranylgeranyl residue responsible for membrane association (426). RhoGDI 

release is required for RhoA activation, and it extracts RhoA from membranes for 

subsequent activation (426). GDIs can be phosphorylated by PKA or PKC to promote 

sequestration and inhibition of RhoA (90, 379).  

 To control the organized assembly and disassembly of actin in a cell, numerous 

studies have demonstrated crosstalk within the Rho family. In fibroblasts, Rho, Cdc42 
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and Rac have been placed in a hierarchical cascade wherein Cdc42 activates Rac, which 

then subsequently activates Rho (341). Coactivation of Rac and Cdc42 has also been 

observed in lamellipodia and membrane ruffles (245). Rac1 and RhoA have antagonizing 

activity that is both spatially and temporally regulated. For example in migrating cells, 

high levels of active Rac1 are observed at the leading edge of the cell, while RhoA 

activity dominates at the tail end to move the cell forward (398, 517).  

  The downstream targets of Rho GTPases have direct effects on the actin 

cytoskeleton. RhoA activates the immediate downstream kinase Rho associated coiled-

coil kinase1/2 (ROCK) (333). ROCK can then subsequently phosphorylate LIM kinase 

(LIMK) and myosin phosphatase targeting protein (MYPT) (286). LIMK directly 

phosphorylates cofilin on Serine3 to inactivate its actin severing activity (25). Cofilin 

promotes dissociation of actin from its filaments, as well as severs actin filaments by 

binding to the sides of the filament to distorts the helical twist (12). Phosphorylation of 

MYPT inhibits myosin light chain phosphatase (MLCP) activity, leading to an increase in 

the level of phosphorylated myosin light chain (MLC) that contributes to contractility 

(331). RhoA, B and C also promote polymerization of actin into unbranched, linear 

filaments via activation of mDia, a protein that contains a formin-homology domain 

(502). Cdc42 and Rac1 alter the actin cytoskeleton via activation p21 activated kinase1 

(PAK1), and Wiskott-Aldrich syndrome protein (WASP) and WASP verprolin 

homologous (WAVE) respectively. Activation of PAK1 leads to phosphorylation of 

LIMK (97), while both WASP and WAVE activate the actin-related protein 2/3 (Arp2/3) 

that generates a meshwork of branched actin near the cell membrane (53, 96). 
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III.7. ACTIN 

 W.D. Halliburton first observed actin experimentally in 1887 when he extracted a 

protein from muscle that was observed to coagulate with myosin (167). It wasn’t until 

1942 when actin was actually discovered, by the young biochemist Bruno F. Straub. He 

developed a technique to extract protein from muscle and was able to isolate large 

quantities of relatively pure actin (117). It was later discovered that actin contains ATP, 

and that during polymerization of actin into filaments, the nucleotide is hydrolyzed into 

ADP and inorganic phosphate (Pi), which remain bound to the filament (454). 

 Actin is a highly conserved protein, approximately 42,000 Daltons in size, and 

ubiquitously expressed in eukaryotes (369). Actin exists as a major component of the 

cytoskeleton, as well as part of the contractile apparatus in muscle cells. It constitutes up 

to 20% of total protein in muscle cells, and can reach cytosolic concentrations greater 

than 100 µM in many nonmuscle cells (186, 272). Actin participates in many important 

cellular processes such as muscle contraction, cell division and cytokines, cell migration, 

endocytosis, phagocytosis, vesicle and organelle movement, cell signaling and 

establishment and maintenance of cell junctions and cell shape. Actin is also found in the 

cell nucleus and is involved in the regulation of gene transcription (490). Individual 

subunits of actin are known as globular (G) actin. The G-actin subunits assemble into 

long filamentous (F) polymers referred to as F-actin. Actin exists as two lobes separated 

by a large cleft, with each lobe being composed of two subdomains (300). The lobes are 

connected by two strands that serve as a hinge, allowing the lobes to move relative to 

each other (272). Monomeric actin can bind ATP or ADP, and Ca
2+

 or Mg
2+

 within a 

deep cleft between subdomains 2 and 4 (99). Nucleotide binding closes the cleft between 
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the two lobes, with ATP binding more tightly than ADP in the cleft. The process of 

nucleotide exchange exists as a cycle, as the filament polymerizes and then 

depolymerizes (272). ATP bound G-actin polymerizes into filaments. As the filament 

ages, ATP is hydrolyzed into ADP and Pi. The ADP nucleotide cannot be released from 

the filament since the cleft opening is blocked by the previously added actin subunit. 

Older filaments depolymerize by removing the ADP-bound G-actin from the filament. In 

the cytosol, G-actin can exchange ADP for ATP, since the ATP nucleotide is normally 

present at much higher concentrations in the cell. G-actin with bound ATP can now be 

added to a new filament. 

  Microfilaments are composed of two parallel actin filaments that twist around 

each other 166 degrees to form a double helix (135). These filaments are approximately 

7nm in diameter with the helix loop repeating every 37nm (344). Each actin subunit 

contacts four neighboring subunits; two longitudinal and two lateral contacts that 

strengthen the filament and prevent shearing by thermal forces (272). Actin filaments and 

monomers display structural polarity with a barbed (+) end and pointed (-) end. As the 

monomers assemble into filaments, they orient their cleft toward the minus end of the 

filament. The barbed end contains actin subunits bound with ATP, while the pointed end 

contains actin subunits bound with ADP. Polarity of actin filaments can be visualized by 

decorating the filament with myosin S1 fragments. An S1 fragment is composed of the 

head and neck domains of myosin II. In scanning electron micrographs, bound myosin II 

heads have the appearance of arrowheads pointed towards the minus end of the filament 

and barbed ends oriented toward the plus end (23). 
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 III.7.1. ACTIN POLYMERIZATION 

 Polymerization of actin into filaments is a multi-step and dynamic process that 

involves nucleation, elongation and a steady-state phase (272). The first phase is marked 

by a lag period in which actin monomers aggregate into short and unstable dimers. 

Addition of a third actin monomer stabilizes the complex, forming a nucleus. The second 

phase rapidly elongates the filament by adding actin monomers to both ends of the 

filament. As the filament grows, the concentration of actin monomers decreases until 

steady-state is reached. At this phase actin monomers are continually added and removed 

from the filament, but the length of the polymer remains constant. The concentration of 

unassembled actin subunits at steady-state is referred to as the critical concentration (Cc) 

(278). This parameter is used to determine the ability of a G-actin solution to polymerize. 

Above the Cc, G-actin polymerizes; below the Cc, F-actin depolymerizes. The ends of an 

actin filament also have different Cc values, such that rate of monomer addition is not 

equivalent at both end. Filament growth occurs five to ten times faster at the barbed end, 

while removal of actin monomers exceeds at the pointed end (278). When the 

concentration of actin monomers lies between the Cc of the two ends, actin filaments 

display a characteristic called treadmilling. Treadmilling occurs when polymerization and 

depolymerization generate a constant flux of subunits throughout the filament without 

changing the overall concentrations of monomer and polymer (272).  

 Numerous actin-binding proteins regulate the assembly, disassembly and 

rearrangement of actin filaments in vivo. Proteins that bind actin monomers regulate the 

rate of filament growth. Profilin binds ATP-bound actin monomers to form a stable 1:1 

complex. It functions to promote assembly of actin filaments by three different 



 

! *'!

mechanisms (278). First of all, profilin binds to the plus end of G-actin, inducing a 

conformational change that promotes nucleotide exchange. This speeds up the nucleation 

phase by increasing the local concentration of ATP-bound G-actin available for 

polymerization. Secondly, profilin bound to G-actin assists in the addition of monomers 

to the barbed end of a filament. Finally, profilin interacts with membrane components, 

suggesting that it may have a functional role for regulating actin assembly at the cell 

membrane. Profilin binds to phosphatidylinositol-4,5-bisphosphate (PIP2), regulating its 

activity. Signal-activated hydrolysis of PIP2 releases profilin, thereby allowing it to bind 

G-actin and promote actin polymerization. Inhibition of actin assembly occurs by 

thymosin #4 forming 1:1 complexes with ATP-bound G-actin (272). Thymosin #4 

buffers the concentration of free actin by maintaining a pool of monomeric actin. If the 

concentration of thymosin #4 increases within a cell, it will promote depolymerization of 

the filaments by lowering the concentration of free monomeric actin. Severing of actin 

filaments by cofilin and gelsolin control their length, as well as increase the number of 

barbed ends available for polymerization. Cofilin/actin depolymerizing factor (ADF) 

binds to the sides of ADP-bound actin within a filament to distort the helical twist and 

sever the filament (45). The activity of cofilin also enhances treadmilling of the actin 

filaments (45), and inhibits nucleotide exchange on G-actin (339). During cell migration, 

changes in the viscosity of the cells cytosol, i.e. the gel to sol transition, is regulated by 

gelsolin (278). In the presence of high cytoplasmic Ca
2+ 

levels, gelsolin binds actin 

filaments to distort their helical twist and sever the filament (255). Thus, gelsolin helps to 

propel the plasma membrane forward at the leading edge of a cell by developing a 

network of branched actin filaments. Gelsolin also binds near the plus end of the 
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filament, preventing filament growth as the minus end rapidly disassembles (255). The 

activity of cofilin is normally controlled by reversible phosphorylation and 

dephosphorylation of the protein as noted above.  However, binding of cofilin and 

gelsolin to PIP2 can also regulate their severing activity (278). 

 Nucleating proteins, such as formins and the Arp2/3 complex, regulate growth 

and rearrangement of the filaments. Formins (mDia1 and mDia2) are involved in the 

polymerization of actin by associating with the fast-growing, barbed end of a filament. 

Thus, they nucleate formation of unbranched actin filaments, such as those found in 

stress fibers (501). Formins contain three structural and functional elements: an actin-

binding formin homology (FH) 2 domain, a profilin-binding FH1 domain, and an 

autoregulatory domain (151). Formins are considered processive proteins. They remain 

bound to the barbed end of an actin filament as actin monomers are added and thus, 

prevent binding of capping proteins that would inhibit elongation of the filament (376). 

The FH2 domain dimerizes to form a ring-like structure with flexible links. One of the 

FH2 domains in the dimer shifts to an open conformation, allowing the actin monomer to 

bind to the filament, as the other FH2 domain binds to the most recently added actin 

subunit. The proline-rich FH1 domain binds a profilin-actin complex, which increases the 

effective concentration of monomeric actin adjacent to the site of polymerization. 

Formins are regulated by autoinhibition, which can be turned off by cellular signals that 

activate Rho GTPases (273). RhoA binding to the autoregulatory domain of mDia1 

relieves its autoinhibition (357), while Rac and Cdc42 binding have been shown to 

activate mDia2 (258). The Arp2/3 complex consists of Arp2, Arp3 and five additional 

subunits. Arp2 and 3 proteins resemble the structure of G-actin and together mimic a 
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stable actin dimer with an exposed plus end (272). Thus, the Arp2/3 complex serves as a 

nucleation site to form branched networks of actin at a 70-degree angle from existing 

filaments (320). In contrast to formins, Arp2/3 complex remains associated with the 

minus end of the filament. Arp2/3 complex is regulated by members of the Wiskott-

Aldrich Syndrome family protein, (WASP and WAVE), as explained above. WASP and 

WAVE proteins have domains that bind and activate Arp2/3, as well as domains that 

recognize and bind to signaling factors within a cell. Thus, the Arp2/3 complex is 

localized to sites of rapid filament growth, such as in lamellipodia, playing a functional 

role in cell migration and endocytosis (285). 

 Capping proteins bind to the ends of actin filaments, regulating their length. 

Regulation of filament length is necessary to prevent depletion of monomeric actin, as 

well as regulate the size and mechanical properties of the actin structures (272). 

Essentially, barbed end capping proteins prevent filament elongation, while pointed end 

capping proteins prevent actin depolymerization. CapZ binds to the plus end of a filament 

independently of Ca
2+

, and inhibits actin polymerization (278). If actin monomers 

continue to dissociate from the minus end of the filament in the presence of CapZ, the 

polymer will shorten. CapZ is controlled by PIP2 (185), suggesting that its activity is also 

regulated by the same mechanisms that control profilin and cofilin. Tropomodulins cap 

the minus end of a filament in the presence of tropomyosin, and thus prevent dissociation 

of actin monomers (272). If an actin filament is capped at both ends, it is considered 

stabilized. Actin filaments that do not undergo addition or loss of subunits are important 

in the sarcomere of a muscle or at the erythrocyte membrane (278). 
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 Cross-linking proteins bind actin to organize filaments into bundles and networks. 

The actin-binding domain in these cross-linking proteins is homologous. Most cross-

linking proteins are dimeric or have two actin-binding domains that regulate the distance 

between actin filaments. Small cross-linking proteins like fascin, fimbrin and "-actinin 

bind actin filaments into parallel bundles. Fascin is a monomeric and compact molecule 

that organizes filaments into tightly pack bundles (521). It is found in filopodia, 

membrane ruffles, microspikes and stress fibers (98); all structures that require strong 

mechanical support. Fimbrin monomers also tightly bundle actin filaments, as their actin-

binding domains are adjacent (272). They are important in forming rigid actin bundles, 

such as those found in microvilli (36). "-Actinin is an anti-parallel homodimer, 

composed of two actin-binding domains that separate actin filaments by approximately 

35nm (307, 527). Separation of actin filaments by "-actinin allows for myosin heads to 

bind and interact with the filaments during contraction. "-Actinin is found in stress fibers 

and at adhesion sites in non-muscle cells (356). In striated, cardiac and smooth muscle 

cells, "-actinin is localized at the Z-disk and dense bodies, where it forms a lattice-like 

structure to stabilize the contractile apparatus (440). "-Actinin can also link the 

cytoskeleton to diverse signaling pathways by binding to the cytoplasmic domain of ion 

channels and transmembrane receptors (356). Larger cross-linking proteins like filamin, 

and spectrin create greater distances between the actin filaments to form networks. 

Filamin forms a V-shaped flexible structure via dimerization of its C-terminal domains 

(505). This allows filamins to organize actin filaments into loose gel-like networks that 

are characteristic of cortical actin at the leading edge of migrating cells (37, 448). 

Filamins may also have scaffolding roles, since they have the ability to bind a variety of 
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proteins such as plasma membrane receptors, calmodulin, caveolin, PKC and 

transcription factors (452). Spectrin is an actin cross-linking and molecular scaffold 

protein that forms an elongated tetrameric complex with an actin-binding domain at each 

end (537). Spectrin links short actin filaments beneath the plasma membrane in 

erythrocytes to provide flexible and mechanical support as the cells travel through small 

capillaries (101).   

  

 III.7.2. ACTIN STRUCTURES 

 Formation of actin bundles and networks result in four different types of cell 

structures: filopodia, lamellipodia, microvilli, and stress fibers. Filopodia are long, thin 

and transient processes that extend out from the cell surface (295). They contain bundles 

of parallel actin filaments that are linked by fascin to provide cell stiffness. Filopodia are 

considered as antennae that cells use to probe their microenvironment and are involved in 

processes such as cell migration, wound healing and adhesion to the extracellular matrix 

(158). By contrast, lamellipodia are thin and broad projections that are filled with a 

branched network of actin filaments (295). In both cases, the fast-growing barbed ends of 

the actin filaments are oriented towards the plasma membrane to push the leading edge of 

the cell forwards (371). Microvilli are very short filopodia-like structures that increase 

the surface area of a cell. They contain a dense bundle of actin filaments that are cross-

linked with fimbrin and villin (312). Microvilli are commonly found on the apical 

surfaces of a cell, such as the epithelial cells lining the intestine, to increase cell 

absorption (272). Stress fibers are contractile bundles of actin filaments, cross-linked by 

"-actinin, that extend from the cell surface through the cytosol in a bipolar arrangement 
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(471). Stress fibers anchor to focal adhesions by interacting with integrins, which connect 

the ECM to the actin cytoskeleton (364). Thus, they play an important role in cell 

adhesion and migration, as well as in transmitting the mechanical forces developed by the 

stress fibers to the substratum (361). The development of tension during cell migration 

and contraction is mediated by myosin II (58).  

  

 III.7.3. ACTIN ISOFORMS 

 Actin filaments form the basis of the cytoskeleton and are major components of 

the contractile apparatus. Mammals express six functional actin isoforms, each encoded 

by a separate gene (370). Actin isoforms can be divided into 3 classes, ", #, and $, based 

on their electrophoretic mobility in isoelectric focusing (509).  Skeletal, cardiac and 

smooth muscle each express their own unique "-actin isoform. "-Actin is found in 

muscle as the major component of the contractile apparatus. Smooth muscle also contains 

a $-actin muscle isoform that is localized to the contractile apparatus. The # and $ 

cytoplasmic isoforms of actin are ubiquitously expressed as components of the 

cytoskeleton and mediators of internal cell motility. Actin isoforms are identical in 

molecular weight and share at least 93% of their amino acid sequence (367). Cytoplasmic 

#- and $-actin differ only by four amino acid residues at the N-terminus (484). The three 

classes of actin can be present in the same cell in varied amounts (100). However, actin 

isoforms tend to be tissue specific. For example, "-actin smooth muscle predominates in 

the respiratory and vascular systems (270), while gamma smooth muscle actin is the main 

component in cells of the gastrointestinal tract and urogenital system (297). Studies using 

knockout mice have determined that each isoform of actin has a unique and specialized 
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function. Mice null of "-actin cardiac smooth muscle die during embryonic development 

with significantly disorganized cardiac myofibrils (249). Knockout mice depleted of 

skeletal muscle "-actin appear normal at birth, but die by day 9 with weak muscles (70). 

Smooth muscle "-actin deficient mice have defects in blood pressure regulation and 

vascular contractility (409). In all of these knockout mice, the remaining actin isoforms 

become upregulated, but cannot completely substitute for the missing isoform in vivo. 

The relative expression level of actin isoforms can also influence cell function. Altering 

degrees of contractility in the heart can be explained by different expression ratios of 

alpha- skeletal and cardiac smooth muscle actin (457). Two theories have been developed 

to explain the difference in actin isoform function. Firstly, actin-binding proteins bind 

only specific isoforms of actin to regulate their activity. Several proteins such as profilin, 

cofilin, thymosin #4, and ezrin have been shown to discriminate between the muscle and 

cytoplasmic isoforms of actin (367). Secondly, actin isoforms are localized to distinct 

subcellular regions, which is regulated by factors that control cell proliferation and 

differentiation. For example, skeletal muscle "-actin is confined to the sarcomeric thin 

filaments, while cytoplasmic $-actin is localized to Z-disks, and detected in filamentous 

structures surrounding the mitochondria and sarcolemma (367). 

   

 III.7.4. MEASUREMENT OF ACTIN POLYMERIZATION  

 To measure the degree of polymerized actin within a cell, three unique methods 

have been designed. Early studies of actin polymerization used light scattering or 

viscometry to measure the concentration of F-actin (352). As actin filaments polymerize, 

the viscosity of the solution increases, which is measured as a decrease in flow rate by a 
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viscometer. Use of this method has been limited to detecting only the concentration of 

polymer, and not the number of filaments or presence of branches (247). Fluorescence 

microscopy of actin filaments labeled with phalloidin can determine the extent of 

filament cross-linking and direction of growth (42). If monomeric actin is labeled with 

DNase I in combination with phallodin, than the intensity of fluorescent staining can be 

used to quantify the ratio of F/G actin within a cell. One limitation to this approach is that 

cells are required to be fixed at specific time points in nonphysiological buffers (247). 

The most recently developed method to measure the degree of polymerized actin in a cell 

is via ultracentrifugation. Cells and tissue extracts are centrifuged at 100,000 x g to pellet 

filamentous (F) actin (178). The pellet and supernatant fractions are then separated by 

SDS-PAGE to quantify the ratio of F/G actin. Cells can also be serially washed with a 

buffer that removes the soluble components of a cell (225). Filaments remain attached to 

the dish and can then be collected separately. This method also quantifies the ratio of F/G 

actin by Western blot. Both biochemical methods can be used to quantify the proportion 

of each actin isoform found in the pellet (F-actin) and supernatant (G-actin) fractions.   

 In vascular smooth muscle, approximately 80% of the total actin exists in 

filamentous form (539). After "-adrenergic stimulation of this muscle, the percentage of 

F-actin shifted to over 90% (539). Thus, about half of the monomeric actin incorporated 

into actin filaments upon contractile stimulation. Toxins have been used experimentally 

to alter actin filament lengths, thereby effecting cellular processes like tension 

development. Cytochalasins cap the plus end of filaments, preventing the addition of 

actin monomers (277). If depolymerization of actin continues at the minus end, than 

filament length is lost. Cytochalasin D has been shown to inhibit force generation in 
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smooth muscle in a concentration-dependent manner (5). Latrunculin binds to actin 

monomers and prevents them from being incorporated into filaments (437). In tracheal 

smooth muscle, treatment with latrunculin A prevented incorporation of G-actin into 

filaments and inhibited acetylcholine-induced tension development (303). Jasplakinolide 

stabilizes actin filaments and induces actin polymerization in vitro (39). Cerebral arteries 

constricted and increased tone after treatment with jasplakinolide, which was reflected by 

a decrease in G-actin (59). 



 

! +&!

IV. SPECIFIC AIMS AND HYPOTHESES 

Rationale for Manuscript I: The role of actin and the mechanism(s) regulating changes 

in polymerized actin content are not well understood in myocytes from newborn 

pulmonary and systemic vascular circuits. It is unclear whether cytoskeletal remodeling 

in PPHN contributes towards increased vasoconstriction or acts as an internal resistor to 

oppose force generation in PA. 

 

Figure 8 Rho/Rho kinase signaling pathway studied in hypoxic pulmonary arterial 

  myocytes.  

 

Hypoxia and U46619 (TP mimetic) activate the TP receptor in pulmonary arterial myocytes. TP 

receptor coupling to G"12/13 leads to activation of a RhoGEF that catalyzes the exchange of 

GDP to GTP to activate RhoA. ROCK, an immediate downstream effector of RhoA, 

phosphorylates LIMK. Active LIMK then subsequently phosphorylates cofilin to inhibit its actin 

severing ability. The end result is polymerization of actin that contributes to contractile force of 

the muscle. RhoA activity can be inhibited with C3 transferase by ADP-ribosylation on 

asparagine 41 in the effector-binding domain of the GTPase. 
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Specific Aims for Manuscript I:  

1. To determine if the RhoA pathway is important in regulating APM in an in vitro 

model of hypoxic PA and aortic myocytes exposed to the TP agonist U46619. 

2. To identify a tissue-specific role of hypoxic APM in thromboxane-induced force 

development by evaluating the effects of TP stimulation on force generation and 

cytoskeletal assembly in resistance pulmonary and renal arteries from PPHN animals, 

compared with normoxic controls. 

 

We hypothesize that: 

1. Hypoxia activates the RhoA pathway, increasing APM to a greater degree in agonist-

naïve PA myocytes than in aortic myocytes. 

2. Hypoxia alters selective coupling of TP with G protein species, such that APM 

following thromboxane challenge is paradoxically favored by signaling pathways 

other than RhoA. 

3. Increased APM in PA, which is a hallmark of perinatal hypoxia, specifically enhances 

thromboxane-induced pulmonary vasoconstriction in PPHN. 

 

The effects of hypoxia and TP-stimulated APM will be measured by LSC and cytoskeletal 

fractionation, followed by immunoblot. G protein coupling to the TP receptor will be 

determined by immunoprecipitation.  Rho activity will be measured by Rhotekin-RBD 

affinity precipitation. Phosphorylation of downstream intermediates LIMK and cofilin 

will be assessed by Western blot. Effects of Rho inhibition on APM will be observed by 

immunofluorescence. Contractile force to U46619 will be measured by myography and 

the corresponding degree of APM in these pulmonary arteries will be quantified by LSC. 
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Rationale for Manuscript II: Challenge of hypoxic PA myocytes with the thromboxane 

mimetic U46619 induces marked APM. However, this increase in APM occurs 

independently of the RhoA pathway. Polymerization of actin in hypoxic pulmonary 

arterial smooth muscle cells enhances agonist-mediated vasoconstriction, which is a 

major contributor to the pathophysiology of PPHN. Thus, determining the mechanism 

mediating U46619-induced APM in hypoxic PA myocytes has implications for 

therapeutic management of PA remodeling in the presence of inflammatory prostanoids. 

 

Figure 9  Rac and Cdc42 signaling pathways studied in hypoxic pulmonary arterial 

  myocytes.  

 

Hypoxia and U46619 (TP agonist) activate the TP receptor in pulmonary arterial myocytes. TP 

receptor coupling to G"12/13 leads to activation of a RhoGEF that catalyzes the exchange of 

GDP to GTP to activate Rac or Cdc42. RhoGEF activity can also be regulated by PI3K/Akt 

signaling. Rac and Cdc42 both activate PAK, leading to phosphorylation of LIMK that prevents 

cofilin from severing actin filaments. Rac and Cdc42 also activate Arp2/3 complex via WAVE 

and WASP respectively. Arp2/3 complex nucleates branched networks of actin filaments. 

Polymerization of actin can be directly altered with jasplakinolide (stabilizes filaments) and 

cytochalasin D (depolymerizes filaments). NSC23766 selectively inhibits Rac1-GEF interaction, 

while IPA-3 inhibits PAK by binding to its auto-inhibitory domain. 
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Specific Aims for Manuscript II: 

1. To determine if the Rac1 and/or Cdc42 pathway is important in regulating agonist-

induced APM in hypoxic pulmonary arterial myocytes. 

2. To determine the role of actin isoforms in hypoxic pulmonary arterial smooth muscle 

cells exposed to the TP agonist U46619. 

3. To determine the effects of stabilizing and destabilizing the actin cytoskeleton on the 

contractile response to U46619 in hypoxic PA myocytes.  

 

We hypothesize that: 

1. Agonist-induced APM in hypoxic pulmonary arterial myocytes is dependent on the 

Cdc42 pathway, and increased association of Cdc42 with N-WASp will reflect this.  

2. Hypoxia will prevent depolymerization of the actin isoforms alpha and gamma, which 

contribute to enhanced vasoconstriction in neonatal hypoxic pulmonary hypertension.  

3. Altering the degree of polymerized actin will correspond to changes in the U46619 

contractile response in hypoxic PA myocytes. 

 

The effects of hypoxia and U46619 on actin isoform polymerization will be measured by 

stress fiber isolation. Rac and Cdc42 activity will be determined by PAK-PBD affinity 

precipitation. Phosphorylation of PAK will be measured by Western blot. Cdc32 

association with N-WASp will be determined by immunoprecipitation. Effects of Rac and 

PAK inhibition on actin isoform polymerization will be quantified by LSC and stress fiber 

isolation. Effects of stabilizing and destabilizing the actin cytoskeleton on the contractile 

response to U46619 will be measured by collagen gel contraction assay and force 

myography. 
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Rationale for Manuscript III: Previously our lab has reported decreased cell surface 

abundance and serine phosphorylation of the TP receptor after hypoxic exposure. This 

results in hypersensitive receptor-ligand association, which can be desensitized by 

incubation with protein kinase A. The increased polymerized actin following TP agonist-

challenge may facilitate TP receptor internalization and downstream signaling. All of 

these suggest a possible mechanism for enhanced pulmonary arterial constriction in 

PPHN.  

 

Figure 10 Potential mechanisms for hypoxic TP receptor internalization. 

 

Activation of TP receptor by hypoxia or its agonist U46619 results in phosphorylation of serine 

and/or threonines residues located in the C-terminal region of the receptor. C-terminal 

phosphorylation is mediated by kinases such as PKC, PKA and GRKs, that function to regulate 

receptor sensitivity and initiate receptor internalization. Internalization of the receptor into 

endosomes requires a dynamic actin cytoskeleton. Once a receptor is internalized, it can either 

be degraded or recycled back to the membrane for subsequent activation. 
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Specific Aims for Manuscript III: 

1. To determine mechanisms of hypoxic TP receptor internalization by examining cell 

surface and cytosolic receptor abundance, as well as evaluating the involvement of 

clathrin and caveolin in U46619-mediated receptor endocytosis. 

2. To determine the role of actin in hypoxic TP receptor internalization. 

3. To determine the kinase (protein kinase A, protein kinase C or G protein receptor 

kinase) responsible for initiating internalization of the ligand-bound TP receptor. 

 

We hypothesize that: 

1. Hypoxia increases the rate and extent of U46619-challenged TP receptor 

internalization, and this is mediated by clathrin. 

2. Increased internalization of the TP receptor in hypoxia is due in part to the increase in 

polymerized actin in hypoxic PA smooth muscle cells. 

3. Phosphorylation by PKA will diminish hypoxic TP receptor internalization, since 

activation of PKA has been previously shown to cause desensitization and 

downregulation of signaling. 

4. Phosphorylation by PKC will have no effect on the extent of internalized TP receptor 

in normoxic or hypoxic pulmonary arterial smooth muscle cells. 

5. GRK inhibition will have no effect on TP receptor internalization. 

 

TP receptor localization will be observed by immunofluorescence, membrane:cytosol 

fractionation and flow cytometry. Method of TP receptor internalization will be measured 

by immunofluorescence, flow cytometry and caveolar fractionation. ELISA will be used 

to determine the role of actin, as well as the kinase responsible for initiating 

internalization of the ligand-bound TP receptor. 
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V. GENERAL METHODS 

 The University of Manitoba Central Animal Care approved animal care protocols, 

in accordance with the Canadian Council of Animal Care and US National Institutes of 

Health guidelines.  

 

Induction of PPHN 

 To induce PPHN in vivo, newborn piglets (<24 hrs old; N=3) were raised in 

normobaric hypoxia for 72 hrs (FiO2=0.10); PPHN confirmed by presence of cardiac 

right ventricular hypertrophy (73). Age-matched controls were raised in normoxia 

(FiO2=0.21; N=3). Newborn swine (<24 hrs old; N=9) were obtained for primary 

myocyte culture. Piglets were euthanized by pentobarbital overdose and exsanguination. 

Heart, great vessels, lungs and kidneys were removed en bloc and placed in oxygenated 

cold (4°C) Ca
2+

-free Krebs-Henseleit buffer (containing in mM: 112.6 NaCl, 25 

NaHCO3, 1.38 NaH2PO4, 4.7 KCl, 2.46 MgSO4&7H20, 5.56 Dextrose; pH 7.4). Resistance 

pulmonary and renal arteries (external diameter 300-600!m) were isolated by 

microdissection for force myography. 

 

Cell Culture and In Vitro Hypoxia 

 2
nd

 to 6
th

 generation pulmonary arteries were microdissected from newborn swine 

into Ca
2+

-free Krebs-Henseleit buffer. Tissues were allowed to recover in cold HEPES-

buffered saline solution (HBS; composition in mM: 130 NaCl, 5 KCl, 1.2 MgCl2, 1.5 

CaCl2, 10 HEPES, 10 glucose; pH 7.4) supplemented with antibiotic/antimycotic 

mixture. Pulmonary arterial smooth muscle cells were obtained using a dispersed cell 

culture method as previously described (423); arteries were washed twice with 20 µM 
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CaCl2 (Ca
2+

-reduced) HBS, finely minced, then transferred to digestion medium 

containing Ca
2+

-reduced HBS, type I collagenase (1750U/mL), dithiothreitol (1mM), 

bovine serum albumin (BSA; 2mg/mL), and papain (9.5U/mL) for 15 min at 37°C with 

gentle agitation. The dispersed cells were collected by centrifugation at 1200 rpm for 5 

min, washed in Ca
2+

-free HBS to remove digestion solution, then resuspended in Ham’s 

F-12 medium supplemented with 10% fetal bovine serum, 1% penicillin and 1% 

streptomycin and plated at a density of 4.4 x 10
4
 cells/cm

2
.  

 Stable subconfluent myocyte cultures were established prior to environmental 

modification. Half of the culture plates were placed in a hypoxic (H) culture environment 

achieved by washout of a sealed incubator with a hypoxic gas mixture (7% O2, 5% CO2, 

balance N2) to achieve a final concentration of 10+1% O2. The remaining plates were 

maintained in normoxia (N; 21% O2, 5% CO2, balance N2). Once cultures reached ~75% 

confluence, they were serum-deprived using Hams F-12 medium supplemented with L-

glutamine/penicillin/streptomycin and 1% insulin-transferrin-selenium for 72 hrs, to 

synchronize in a contractile phenotype, prior to be challenged with 10
-6

M TP-agonist 

U46619. 

 

Laser Scanning Cytometry 

 Normoxic and hypoxic pulmonary arterial myocytes were stimulated for 30 min 

with or without 10
-6

M U46619 (Sigma) in media. Cells were then washed with PBS, 

fixed with 3% paraformaldehyde (PFA) diluted in CB buffer (containing in mM: 10 

MES, 150 NaCl, 5 EGTA, 5 MgCl2, 5 glucose), and then permeabilized with 3% PFA 

containing 0.3% Triton X-100. Cells were rinsed and stored in cyto-TBS buffer 



 

! ,.!

containing 200mM tris-base, 1.54M NaCl, 20mM EGTA and 20mM MgCl2. Smooth 

muscle cells were incubated with Alexa Fluor 633 Phalloidin (filamentous (F) actin) and 

DNase 488 (globular (G) actin) (Invitrogen, Molecular Probes) in cyto-TBS + 1% BSA 

for 1 hr at room temperature. Coverslips were washed in cyto-TBS+0.5M NaCl, and 

nuclei counterstained with Hoechst 33342. Laser-scanning cytometry (LSC) was used to 

quantify fluorescence integral intensity of F and G actin per established method (416), 

using a 40x objective and standardized settings of voltage, gain and offset, in defined 

regions surrounding nuclei. Nuclear debris and overlapping nuclei were gated out by 

statistical filters. Each nucleus was then used as a primary contour to define a fixed-

dimension peripheral contour extending to 7 pixels outside the nuclear perimeter, 

inclusive of sarcoplasm but exclusive of background. In these regions of interest F and G 

actin staining were assessed as integral intensity of red and green fluorescence 

respectively, per myocyte, in agonist-naïve and U46619-challenged groups. 

 

Stress Fiber Isolation 

 Neonatal myocytes were serum deprived to synchronize in a contractile 

phenotype, then placed in either a normoxic or hypoxic incubator. Cells from each 

treatment group were stimulated for 30 min with 10
-6

M U46619 in media, or diluent 

alone, then placed on ice and washed with PBS-containing 1 mM MgCl2. With the use of 

a stress fiber isolation method adapted from Katoh et al. (225), the soluble cellular 

components were collected over a series of six washes with 2.5 mM triethanolamine 

supplemented with protease inhibitors (in µg/ml: 20 aprotinin, 1 leupeptin, and 1 

pepstatin, pH 8.2), followed by lyophilization. The surface of the cells and nuclei were 
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removed with 0.05% NP-40 and 0.5% Triton X-100, respectively. Stress fibers were then 

immediately washed with PBS and collected by centrifugation at 100,000 g for 1 hr. The 

pellet (F actin) and lyophilized soluble components (G actin) were resuspended in 400 µl 

of RIPA buffer (in mM: 20 MOPS, 2 EGTA, 5 EDTA, 30 NaF, 40 #-glycerophosphate, 

10 sodium pyrophosphate, 2 sodium orthovanadate, 1 PMSF, 3 benzamidine, 0.005 

pepstatin A, 0.01 leupeptin). Equal volumes of each fraction were separated by SDS-

PAGE, and the blots were probed with anti-actin (1:1,000 dilution; Cytoskeleton). Protein 

bands were visualized by enhanced chemiluminescence and quantified under 

nonsaturating conditions by densitometry, with manual background subtraction. 

 

Immunoprecipitation 

 Normoxic and hypoxic pulmonary arterial myocytes were stimulated for 30 min 

with or without 10
-6

M U46616 in media. Whole cell lysates were collected in RIPA 

buffer (in mM: 20 MOPS, 2 EGTA, 5 EDTA, 30 sodium fluoride, 40 beta-

glycerophosphate, 10 sodium pyrophosphate, 2 sodium orthovanadate 1, PMSF, 3 

benzamidine, 0.005 pepstatin A, 0.01 leupeptin). Lysates (400 µg) were pre-cleared by 

incubation with 35µL of 50% slurry of protein G or A Sepharose beads (GE Healthcare), 

prepared in lysis buffer (in mM: 50 Tris, 150 NaCl, 1 EDTA, and 1% Triton X-100, pH 

7.4). Beads were removed by centrifugation at 16000 g for 5 min. The pre-cleared lysates 

were then incubated overnight at 4°C with antibody. The precipitate was pulled down 

with 30µL of 50% bead slurry. Beads were washed in lysis buffer and boiled in 4x 

Laemmli loading buffer. Eluted protein was separated by SDS-PAGE and transferred 

onto nitrocellulose membrane. Blots were probed with specific antibodies. Protein bands 
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were visualized by enhanced chemiluminescence (Amersham) and quantified under non-

saturating conditions by densitometry, with manual background subtraction.  

 

Affinity Precipitation 

 Normoxic and hypoxic pulmonary arterial myocytes were treated for 30 min with 

or without 10
-6

 M U46619. Rho GTPase activation was determined by affinity 

precipitation assay (Cytoskeleton). Myocyte lysates were collected in cold lysis buffer 

(50 mM Tris pH 7.5, 10 mM MgCl2, 0.7 M NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 

2% Igepal) supplemented with a protease inhibitor cocktail (in µg/mL: 10 leupeptin, 10 

aprotinin, and 500 tosyl arginine methyl ester). Immediately samples were sonicated and 

clarified by centrifugation at 10,000 rpm for 5 min in 4°C. Active Rho GTPase was 

precipitated using GST-tagged Rhotekin-RBD (RhoA) or PAK-PBD (Rac1, Cdc42) 

protein on colored agarose beads. Proteins were eluted by centrifugation and separated by 

SDS-PAGE. Blots were probed with the specific Rho GTPase monoclonal antibody, and 

the active Rho GTPase content was compared with total Rho GTPase protein abundance 

in the cell lysates. Addition of non-hydrolysable GTP analog GTP$S (200 µM) was used 

as a positive control, and excess (10 mM) GDP as a negative control.  

 

Western Blot 

 Neonatal myocytes grown under hypoxic or normoxic conditions were stimulated 

for 30 min with 10
-6

M U46619 or diluent. Whole cell lysates were collected on ice in 

lysis buffer as above, and proteins separated by 12% SDS-PAGE. Proteins were 

transferred onto nitrocellulose or PVDF membranes, and then blocked in Tris-buffered 
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saline-Tween (TBS-T) solution containing 5% milk. Blots were probed with specific 

primary antibodies diluted in 1% milk, washed and then incubated with the 

corresponding secondary antibody in 1% milk for 1 hr at room temperature or overnight 

at 4°C. Enhanced chemiluminescence was used to visualize protein bands. Data was 

quantified under non-saturating conditions, with manual background subtraction by a 

digital imaging densitometer.  

 

Immunofluorescence 

 Normoxic and hypoxic pulmonary arterial myocytes were stimulated for 30 min 

with 10
-6

M U46619 or diluent. Cells were fixed in 3% PFA, and permeabilized with 3% 

PFA containing 0.3% Triton X-100. Non-specific binding was blocked by incubation for 

30 min at room temperature in 1% BSA + cyto-TBS. Cells were then incubated overnight 

with primary antibody at 4°C, washed and then incubated at room temperature with the 

corresponding secondary antibody. Coverslips were washed in water and nuclei 

counterstained with Hoechst 33342 (Invitrogen, Molecular Probes.) Digital images of the 

antibody staining were captured by epifluorescence microscopy under standardized 

conditions. Intensity of staining was quantified, under non-saturating conditions, using 

Image-Pro software. 

 

Force Myography 

 Muscular PA (300-500µm) and/or renal arteries (400-600µm) were 

microdissected and mounted on a multichamber wire myograph (Danish Myo Systems) 

in Krebs buffer at 37°C and pH 7.4, aerated with a 95% O2, 5% CO2 gas mixture. Vessels 
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were equilibrated at optimal length (determined from a length/tension curve deriving 

maximum active tension to KCl
 
stimulation) for measurement of isometric contraction to 

100mM KCl, and to serial concentrations of U46619. Rings were then fixed in situ at 

maximum contraction (steady state, 15 min post-U46619 challenge) with 10% formalin, 

and embedded in OCT in an end-on orientation. 10 !m cryosections were stained with 

specific antibodies and then washed in cyto-TBS + 0.5M NaCl. The nuclei were 

counterstained with Hoechst 33342. Force measurements were normalized to the cross-

sectional area of each fixed vessel. Antibody staining was quantified as peripherial 

integral intensity by LSC at 40x magnification (see above).  

 

Statistical Analysis 

 Data analyses used PRISM 5.0 (GraphPad Software, Inc., San Diego, CA). Two-

way ANOVA followed by post-hoc Bonferroni correction for multiple comparisons was 

performed on grouped samples. All data are presented as mean±SE; p<0.05 was deemed 

significant. 
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ABSTRACT 

 Rationale: Actin polymerization (APM), regulated by Rho GTPases, promotes 

myocyte force generation. Hypoxia is known to impede postnatal disassembly of the 

actin cytoskeleton in pulmonary arterial myocytes. We compared basal and agonist-

induced APM in myocytes from pulmonary artery (PA) and descending aorta (Ao), under 

hypoxic and normoxic conditions. We also examined effects of thromboxane challenge 

on force generation and cytoskeletal assembly in resistance PA and renal arteries from 

neonatal swine with PPHN induced by 72 hour normobaric hypoxia, compared to age-

matched controls. 

 Methods: Synthetic and contractile phenotype myocytes from neonatal porcine 

PA or Ao were grown in hypoxia (10% O2) or normoxia (21% O2) for 7 days, then 

challenged with 10
-6

M thromboxane mimetic U46619. F/G actin ratio was quantified by 

laser-scanning cytometry. Thromboxane receptor (TP) G-protein coupling was measured 

by immunoprecipitation, probing for G"q, G12 or G13; RhoA activation by Rhotekin-RBD 

affinity precipitation; LIMK and cofilin phosphorylation by Western blot. Isometric force 

to serial concentrations of U46619 was measured in muscular pulmonary and renal 

arteries from PPHN and control swine; APM was quantified in fixed contracted vessels. 

 Results and Conclusion: Contractile PA myocytes exhibit marked Rho-

dependent APM in hypoxia, with increased active RhoA and LIMK phosphorylation. 

Their additional APM response to U46619 challenge is independent of RhoA, reflecting 

decreased TP association with G12/13 in favor of G"q. In contrast, hypoxic contractile Ao 

myocytes polymerize actin modestly, and depolymerize to U46619. Both basal APM, and 
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the APM response to U46619, are increased in PPHN PA. APM corresponds with 

increased force generation to U46619 challenge in PPHN PA, but not renal arteries.  

 

KEYWORDS: persistent pulmonary hypertension of the newborn, hypoxia, G protein, 

Rho-Rho kinase pathway 
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INTRODUCTION 

 Persistent pulmonary hypertension of the newborn (PPHN) is a rapidly 

progressive vasculopathy, stemming from a developmentally crucial moment in normal 

perinatal circulatory transition. Adaptation to extrauterine life requires a complex series 

of structural and functional changes in the pulmonary vascular endothelium and smooth 

muscle, resulting in decreased pulmonary vascular resistance. PPHN constitutes a failure 

of normal pulmonary vascular relaxation after birth (257) due to perinatal hypoxia, 

inflammation or direct lung injury (179), with an incidence of up to 6 per 1000 live births 

(498).    

 Dynamic polymerization and depolymerization of actin filaments is important in 

the contraction-relaxation process of smooth muscle (460). Cytoskeletal disassembly is a 

critical component of postnatal pulmonary arterial relaxation. Postnatal reorganization of 

the pulmonary arterial myocyte cytoskeleton, in particular a decrease in immunoreactive 

alpha and gamma actin content, is important in normal circulatory transition; this 

structural remodeling is abrogated in pulmonary arteries from hypoxic PPHN (165). The 

functional role of actin polymerization in PPHN is not established.  

 Vasoconstrictor stimuli induce actin polymerization (APM) in smooth muscle; 

increased F actin content is a key determinant of force generation (59). Thromboxane is a 

potent pulmonary vasoconstrictor and systemic vasodilator agent which acts via the 

thromboxane prostanoid receptor (TP) (500), inducing platelet aggregation, 

vasoconstriction and smooth muscle cell proliferation (14, 15, 169). TP, a seven 

transmembrane domain G protein coupled receptor, is capable of coupling to several G 

proteins; most typically G"q/11 (154) or G"12/13 (205). Coupling to G"q/11 triggers 
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activation of phospholipase C$, leading to an increase in [Ca
2+

]i (cytosolic free calcium) 

and Ca
2+

 sensitization of contraction (62, 193, 218, 473). In contrast, coupling to 

G"12/13 leads to activation of Rho subfamily GTPases, such as Rho, Rac and Cdc42, 

which regulate the functional status of the actin regulator proteins (actin filament 

assembly or structural reorganization) and also promote Ca
2+

 sensitization. 

 RhoA and its downstream effector Rho kinase promote vasoconstriction and Ca
2+

 

sensitivity (301, 404, 435, 478). RhoA regulates the actin cytoskeleton via the LIM 

kinase/cofilin pathway (286). Rho kinase-mediated phosphorylation activates LIM kinase 

(LIMK), increasing phospho-cofilin (13). Phosphorylation of cofilin inhibits its ability to 

depolymerize actin filaments (540). The resulting increase in F actin content may 

contribute toward increased myocyte contractility.  

 In a hypoxic neonatal porcine model of PPHN, our lab previously reported TP 

hypersensitivity and hyperreactivity in pulmonary arterial (PA) myocytes, with persistent 

sensitization long after cessation of hypoxia (194, 195). We have demonstrated increased 

ligand sensitivity of the TP-G"q complex, increased Ca
2+ 

mobilization, altered APM, and 

downregulation of myosin light chain phosphatase (73). These studies established that 

hypoxia alters APM in neonatal PA myocytes, an effect not seen in systemic arterial 

myocytes. Hypoxia is known to increase both migration and proliferation of synthetic but 

not contractile phenotype PA myocytes. We now speculate that hypoxia modifies TP-

G"q signaling to Rho GTPases in PA myocytes, with potential impact on APM, Ca
2+

 

sensitivity and muscle contraction. 

 The role of actin, and the mechanism regulating changes in polymerized actin 

content, is not well understood in myocytes of the newborn pulmonary and systemic 
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vascular circuits. It has been unclear whether cytoskeletal remodeling in PPHN actually 

contributes toward increased vasoconstriction, or acts as an internal resistor opposing 

force generation in pulmonary arterial myocytes. In this study, we examine pathways 

regulating APM in an in vitro model of hypoxic pulmonary arterial and aortic myocytes 

exposed to the TP agonist U46619. To identify a tissue-specific role of hypoxic actin 

polymerization in thromboxane-induced force development, we also investigate the 

effects of TP stimulation on force generation and cytoskeletal assembly in resistance 

pulmonary and renal arteries (both of which constrict to thromboxane stimulation) from 

animals with hypoxic PPHN, in comparison to normoxic controls. We hypothesize [i] 

that hypoxia activates the RhoA pathway, increasing APM to a greater degree in agonist-

naïve pulmonary arterial myocytes than in aortic myocytes; [ii] that selective coupling of 

TP with G-protein species is altered by hypoxia, such that APM following thromboxane 

challenge is favored, paradoxically, by signaling pathways other than RhoA; and [iii] that 

increased pulmonary arterial APM, a structural hallmark of perinatal hypoxia, 

specifically enhances thromboxane-induced pulmonary vasoconstriction in PPHN.  

 

SPECIFIC MATERIALS AND METHODS 

 Descending aorta and 2
nd

 to 6
th

 generation pulmonary arteries were 

microdissected from newborn swine to yield smooth muscle cells. Once myocyte cultures 

establish, half of the culture plates were placed in a hypoxic (H) culture environment 

achieved by washout of a sealed incubator with a hypoxic gas mixture (7% O2, 5% CO2, 

balance N2) to achieve a final concentration of 10+1% O2. The remaining plates were 

maintained in normoxia (N; 21% O2, 5% CO2, balance N2). Once serum-fed (S+) cultures 
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reached ~75% confluence, lysates were collected from half of the plates in each condition 

to obtain NS+ and HS+ (synthetic phenotype) treatment groups. The remaining plates 

were then serum-deprived using Hams F-12 medium supplemented with L-

glutamine/penicillin/streptomycin and 1% insulin-transferrin-selenium for 7 days, to 

synchronize in contractile phenotype (NS- and HS-). The four myocyte treatment groups 

and protocols are outlined in Figure I.1 A.  

 

Hypoxic and Thromboxane-Stimulated APM, by Laser Scanning Cytometry 

 Neonatal myocytes were grown under hypoxic or normoxic conditions and serum-

fed or serum-deprived to synthesize a synthetic or contractile phenotype respectively. 

Half of each treatment group was stimulated for 30 min with or without 10
-6

M U46619 in 

media. Cells were fixed with 3% PFA and then permeabilized with 3% PFA containing 

0.3% Triton X-100. Ao and PA smooth muscle cells were incubated with Alexa Fluor 

633 Phalloidin (filamentous (F) actin) and DNase 488 (globular (G) actin), washed and 

then nuclei counterstained with Hoechst 33342. Laser-scanning cytometry (LSC) was 

used to quantify fluorescence integral intensity of F and G actin per cell. Each nucleus 

served as a primary contour to define a fixed-dimension peripheral contour. In these 

regions of interest (Figure I.1 B-D), F and G actin staining were assessed as integral 

intensity of green and red fluorescence respectively, per myocyte, in agonist-naïve and 

U46619-challenged groups. 
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Figure I.1 In vitro hypoxic exposure and growth factor manipulation of pulmonary 

             arterial and aortic smooth muscle cells.  

 

(A) Myocytes were allowed to adhere for 2 days in Hams F12 media containing 10% fetal 

bovine serum. Culture plates were then randomly distributed into normoxia (open bars; 21% O2) 

or hypoxia (solid bars; 10% O2) for 7 days. Cells were then harvested or fixed (*) or serum 

deprived [F12 + 1% PS + 1% insulin-transferrin-selenium (ITS)] for 7 days before collection. 

For Rho inhibition study, cells were treated for 3 days with C3 transferase (#) before collection. 

All groups were incubated with 10
-6

M U46619 or diluent (†), before lysis or fixation. Treatment 

groups consist of synthetic (serum-fed, S+; open bars) myocytes and contractile (serum-

deprived, S-; hatched bars) myocytes, cultured in normoxia (NS+ and NS-) or hypoxia (HS+ and 

HS-). Quantification of F and G actin in myocytes and tissue by laser-scanning cytometry 

(LSC). Slides are scanned at X40 magnification to visualize blue (nuclei), red (F actin) and 

green (G actin) channels. (B) Viewing arterial sections using only the blue channel, a region of 

interest (R1) is selected encompassing the muscular layer. (C) Single-field image from an 

arterial ring, illustrating primary and peripheral contours. Nuclei (20-200 µm
2
) are selected for 

the primary contour (red line) and used to derive the peripheral contours (yellow lines) to 

calculate the integral pixel intensity of F actin and G actin per cell. (D) Zoomed image of a 

single myocyte showing F and G actin staining; nuclear contour and peripheral contours derived 

as above. The peripheral contour is expanded from the primary contour to exclude background 

and areas of cell overlap. 
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Hypoxic and Thromboxane-Stimulated APM, by Cytoskeletal Fractionation and 

Immunoblot 

 Neonatal myocytes were serum deprived to synchronize in a contractile 

phenotype, then placed in either a normoxic or hypoxic incubator. Cells from each 

treatment group were stimulated for 30 min with 10
-6

M U46619 in media, or diluent 

alone, then stress fibers were isolated as previously described. Equal volumes of each 

fraction, the pellet (F actin) and the soluble components (G actin) were separated by 

SDS-PAGE, and the blots were probed with anti-actin (1:1,000 dilution; Cytoskeleton). 

Protein bands were visualized by enhanced chemiluminescence (Amersham) and 

quantified under nonsaturating conditions by densitometry, with background subtraction. 

 

TP Receptor: G Protein Coupling, by Immunoprecipitation 

 Neonatal myocytes were grown under hypoxic or normoxic conditions and serum-

fed or serum-deprived. Half of each treatment group was stimulated for 30 min with or 

without 10
-6

M U46616 in media. Whole cell lysates (400µg) were pre-cleared with 50% 

slurry of protein G Sepharose beads, and then the pre-cleared lysates were incubated 

overnight at 4°C with 2 µg of rabbit-TP receptor antibody (Cayman Chemicals). The 

precipitate was pulled down with 50% bead slurry and the eluted protein was separated 

by SDS-PAGE. Blots were probed with antisera to G"q, G12 and G13 (1:400 dilution; 

Abcam). Protein bands were visualized by enhanced chemiluminescence and quantified 

under non-saturating conditions by densitometry, with manual background subtraction.  
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Rho Activity, by Affinity Precipitation 

 Neonatal myocytes grown under hypoxic or normoxic conditions, as well as 

serum-fed and serum-deprived, were treated for 30 mins with or without 10
-6

 M U46619. 

Active RhoA was precipitated using GST-tagged Rhotekin-RBD protein on colored 

agarose beads and then separated by SDS-PAGE. Blots were probed with anti-RhoA 

monoclonal antibody, and active RhoA was compared with RhoA protein abundance in 

total cell lysates. Addition of non-hydrolysable GTP analog GTP$S (200 µM) was used 

as a positive control, and excess (10 mM) GDP as a negative control as shown in 

Supplemental Figure I.1.  

 

Phosphorylation of LIMK and Cofilin, by Western Blot 

 Neonatal myocytes grown under hypoxic or normoxic conditions, serum-fed or 

serum-deprived, were stimulated for 30 min with 10
-6

M U46619 or diluent. Whole cell 

lysates were collected and then separated by SDS-PAGE. Blots were first probed with 

antibodies to phosphorylated forms of LIMK-1 (Millipore) and cofilin-1/2 (Cell 

Signaling), then stripped and re-probed for non-phosphorylated LIMK-1 (Cell Signaling) 

and cofilin-1/2 (Cedarlane) respectively. All antibodies were diluted 1:1000 in 5% BSA-

TBST. Enhanced chemiluminescence was used to visualize protein bands.  

 

Effect of Rho Inhibition on APM, by Immunofluorescence 

 Synthetic and contractile phenotype neonatal myocytes grown under hypoxic or 

normoxic conditions were pre-incubated in media with or without 0.5 µg/mL Clostridium 

botulinum exoenzyme C3 transferase (cell permeable inhibitor of RhoA/B/C; 
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Supplemental Figure I.1  Affinity precipitation controls.  

 

Rho activation was determined by affinity precipitation. Active RhoA was precipitated using 

GST-tagged Rhotekin-RBD protein on colored agarose beads, separated by Western blot, and 

then probed with anti-RhoA antibody. Specificity of the antibody was determined with His-

RhoA control protein (lane 1). Positive and negative controls were used to verify the assay. 

Addition of 200 µM GTP$S (lane 2 and 4) was used as positive control, while addition of 10 

mM GDP (lane 3 and 5) was used as a negative control.   
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Cytoskeleton). Each group was stimulated for 30 min with 10
-6

M U46619 or diluent. 

Coverslips were fixed in 3% PFA, and then permeabilized with 0.3% Triton X-100. Cells 

were then incubated for 20 min at room temperature in a cocktail solution containing 

Texas Red Phalloidin and Oregon Green DNAse. Coverslips were washed in water and 

nuclei counterstained with Hoechst 33342 (all Invitrogen, Molecular Probes.) Digital 

images of F and G actin staining were captured by epifluorescence microscopy under 

standardized conditions, for agonist-naïve and U46619-challenged myocytes incubated 

with or without C3 transferase. Overall F/G actin ratio was quantified, under non-

saturating conditions, using Image-Pro software. Effects of C3 transferase on RhoA 

activity are shown in Supplemental Figure I.2. 

 

Force Myography, and Immunohistochemistry by Laser Scanning Cytometry 

 Muscular PA and renal arteries were microdissected and mounted on a 

multichamber wire myograph. Vessels were equilibrated at optimal length for 

measurement of isometric contraction to 100mM KCl, and to serial concentrations of 

U46619. Rings were then fixed in situ at maximum contraction (15 min post-U46619 

challenge) with 10% formalin, and embedded in OCT in an end-on orientation. 10 !m 

cryosections were stained with Alexa-Fluor Phalloidin 633 (F actin) and DNAse 488 (G 

actin) for 1 hr at room temperature, then washed in cyto-TBS + 0.5M NaCl; nuclei were 

counterstained with Hoechst 33342. F and G actin staining were quantified as red and 

green integral intensity respectively by LSC at 40x magnification. Within the arterial 

muscular layer, cells were identified by a primary contour gated to include non-

overlapping nuclei. Fixed-dimension peripheral contours were then defined at 1 pixel and 
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Supplemental Figure I.2  Effectiveness of RhoA inhibition in PA myocytes.  

 

Normoxic PA myocytes were preincubated daily for 3 days in media with 0.5 µg/mL 

Clostridium botulinum exoenzyme C3 transferase (cell permeable inhibitor of RhoA/B/C) prior 

to lysate collection. Active (GTP-bound) RhoA was precipitated with GST-tagged Rhotekin-

RBD protein, and compared with total RhoA abundance by Western Blot.  
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7 pixels outside each primary contour, to include the sarcoplasm and exclude 

background; actin integral intensity was calculated for the area between these peripheral 

contours (Figure I.1 B-D).  

 

Statistical Analysis 

 All data are presented as mean + SE. Myocyte comparisons were made within 

each matched phenotype group (HS+ and HS- myocytes were compared with their 

respective NS+ and NS- controls), as well as between pre- and post-U46619 challenge 

groups (e.g. HS- myocytes compared to HS- stimulated with U46619), by two-way 

ANOVA with post-hoc Bonferroni correction, p<0.05 considered significant. 

 

RESULTS 

 For the following comparisons, myocyte treatment groups are abbreviated as NS+ 

[normoxic serum-fed (synthetic phenotype) myocytes], NS- [normoxic serum-deprived 

(contractile phenotype) myocytes], HS+ [hypoxic serum-fed (synthetic phenotype) 

myocytes] and HS- [hypoxic serum-deprived (contractile phenotype) myocytes], derived 

from Ao (descending aorta) or PA (pulmonary artery). For each treatment group, smooth 

muscle phenotype was verified by immunostaining for myosin heavy chain, and 

verification of Ca
2+

 response to a TP agonist U46619(374).  

 Effects of hypoxia and thromboxane challenge on APM in PA and aortic 

myocytes.  APM was measured by LSC following whole cell staining for F and G actin 

(expressed ratiometrically) and in selected conditions by immunoblot of cytoskeletal vs. 

cytosolic fractions. Hypoxia induced a twofold increase in APM in S- PA myocytes. In 
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contrast, hypoxia caused a small decrease in APM in S+ PA myocytes. Among hypoxic 

PA myocytes, phenotype was crucial; APM was markedly higher in HS- compared to 

HS+ (Figure I.2 A). Responses of aortic myocytes were similar (Figure I.2 B); hypoxia 

increased APM in serum-deprived cells and decreased APM in serum-fed cells. 

Contractile aortic myocytes in both normoxic and hypoxic conditions had a greater 

degree of APM than their synthetic phenotype controls.  

 U46619-stimulation of S+ PA myocytes had no effect on APM in normoxic 

culture, but decreased APM in hypoxia. In contrast, APM in S- PA myocytes following 

U46619 challenge was decreased by normoxia but increased by hypoxia (Figure I.2 A 

and C). APM was decreased in aortic S+ myocytes challenged with U46619 under      

hypoxic conditions, whereas U46619 exposure significantly decreased APM in both 

normoxic and hypoxic S- aortic myocytes (Figure I.2 B and C). 

 Immunoblot results of F/G actin in agonist-naïve and agonist-stimulated 

contractile PA and aortic myocytes were similar to LSC findings. Hypoxia increased 

APM in serum-deprivedPA cells, and APM was further increased after U46619 

stimulation (Figure I.2 D). Contractile aortic myocytes had greater polymerization of 

actin under hypoxic conditions, but U46619 challenge decreased APM in both normoxic 

and hypoxic S- aortic myocytes (Figure I.2 E). 

  

 Effects of hypoxia and thromboxane challenge on TP receptor, G-protein 

coupling. Association of TP with various G" protein species was measured by 

coimmunoprecipitation. In contractile PA myocytes, hypoxia decreased association of 

G"-protein subunits G12 and G13 with TP and increased the coprecipitation of G"q with 
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Figure I.2  Effects of hypoxia and U46619 stimulation on APM in PA and Ao  

  myocytes, by LSC and by immunoblot.  

 

Myocytes cultured in normoxic or hypoxic conditions, serum fed or deprived, were stimulated 

with 10
-6

M U46619 or diluent for 30 min before paraformaldehyde fixation (A and B), and then 

stained with Phalloidin 633 (F actin) and DNase 488 (G actin). Nuclei counterstained with 

Hoechst 33342, supplied a primary contour to quantify F and G actin integral intensity per cell. 

(C) Representive composite LSC images of F actin and G actin, in agonist-naïve and U46619-

challenged hypoxic or normoxic S- PA and Ao myocytes. Normoxic and hypoxic serum-

deprived PA (D) and Ao (E) myocytes were stimulated with 10
-6

M U46619 or diluent for 30 

min before stress fiber isolation. Stress fibers (F actin) were isolated from the soluble 

components of the cells (G actin) and separated by SDS-PAGE to quantify F/G actin ratio. 

(APM expressed as F/G actin ratio; N = 3 piglets, ***p<0.001 compared with normoxic 

controls; #p<0.001 compared with their respective S- phenotype controls; !p<0.01 and 

!!!p<0.001 compared with U46619-naïve controls.)!
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TP, relative to that seen in normoxic contractile PA myocytes (Figure I.3 A). In 

normoxic aortic myocytes, association of TP with all measured G" protein species was 

lessened after serum deprivation (Figure I.3 B). Hypoxia did not alter TP receptor 

coupling in aortic myocytes.  

 U46619 challenge had no effect on G"q coupling to TP receptor in synthetic PA 

myocytes, but increased coimmunoprecipitation of G"q with TP in NS- myocytes. 

Association of G12 or G13 with TP was unaltered by U46619 stimulation (Figure I.4 A). 

In aortic myocytes, U46619 exposure did not change G"q coupling to TP receptor but 

did decreased coimmunoprecipitation of G12 and G13 subunits with TP in all S+ and 

hypoxic S- groups (Figure I.4 B). In all cases, separation and blotting of eluted proteins 

from beads absent immune sera (precleared lysates) resulted in no visualized bands 

(images not shown).  Blots were stripped and reprobed with TP receptor antibody to 

confirm equal sample loading as shown in Supplemental Figure I.3. 

 

 Effects of hypoxia on basal and thromboxane-stimulated Rho activity in PA and 

aortic myocytes. Rho activity in cell lysates was measured by affinity precipitation of 

active Rho and normalized to total Rho protein content. Hypoxia alone did not activate 

Rho in HS+ PA myocytes. U46619-naïve Rho activity was low in normoxic S- PA 

myocytes but was significantly elevated by hypoxia (Figure I.5 Ai). Synthetic PA 

myocytes had insignificant change in active Rho after U46619 challenge. Following 

U46619 challenge of NS- PA myocytes, Rho activity markedly increased; however, HS- 

cells, with high basal Rho activity, demonstrated little further increase in Rho activity 

upon U46619 stimulation (Figure I.5 Aii). In aortic myocytes, agonist-naïve Rho activity 
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Figure I.3  Effects of hypoxia on association of G proteins to TP receptor in PA and Ao 

  myocytes, measured by immunoprecipitation.  

 

PA (A) and Ao (B) myocytes were cultured in normoxia or hypoxia, serum fed or serum 

deprived. Cell extracts were precipitated with antibody to TP, then probed with G!q (i), G12 (ii) 

or G13 (iii) specific antibody (Western blots shown below respective histograms; N = 3 piglets; 

**p<0.01 compared with respective N controls; #p<0.05 compared with their respective S+ 

phenotype.)  
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-     -      -      -          +     +     +     +     U46619 

TP-R:G13 

NS+ HS+  NS-  HS-     NS+  HS+  NS-  HS- 

-     -     -      -          +     +     +     +     U46619 

TP-R:G12 

NS+  HS+  NS-  HS-    NS+  HS+  NS-  HS- 

-     -      -      -         +     +     +     +      U46619 

TP-R:G!q 

NS+  HS+  NS-  HS-    NS+  HS+  NS-  HS- 

-     -      -      -         +     +     +     +      U46619 

Figure I.4 Effects of U46619 challenge on TP G protein association, by   

  immunoprecipitation.  

 

PA (A) and Ao (B) myocytes cultured in normoxia or hypoxia, serum fed or serum deprived, 

were stimulated with 10
-6

M U46619 or diluent for 30 min prior to lysis. Cell extracts were 

precipitated with TP-specific antibody and then probed with antibody to G!q (i), G12 (ii) or G13 

(iii). (Western blots shown below respective histograms; N = 3 piglets; *p<0.05 and **p<0.01 

compared with U46619-naïve controls.) 
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Supplemental Figure I.3  TP receptor immunoprecipitation.  

 

Whole cell lysates (400 µg) from PA and Ao myocytes were precipitated with 2 µg of rabbit-TP 

receptor antibody. The precipitate was pulled down with 30µL of 50% slurry of protein G 

Sepharose beads, and the eluted proteins were separated by SDS-PAGE. Blots were probed with 

antibodies to G"q, G12 or G13, and then stripped and reprobed with TP receptor antibody to 

confirm equal sample loading. Representative Western blot for TP receptor antibody shown 

above. 
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ii 
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ii 

GTP-RhoA 

Total RhoA 

NS+   HS+   NS-   HS-     NS+   HS+   NS-   HS- 

-       -      -      -         +      +      +     +        U46619 

Total RhoA 

GTP-RhoA 

NS+   HS+   NS-   HS-     NS+   HS+   NS-   HS-  

-      -       -       -        +      +      +      +        U46619 

Figure I.5  Rho activation in agonist-naïve and U46619-challenged PA and Ao  

  myocytes, by affinity precipitation.  

 

Rho activity was assessed in agonist-naïve and U46619-challenged PA (A) and Ao (B) cells. 

Myocytes cultured in normoxic and hypoxic conditions, serum fed or deprived, then stimulated 

with 10
-6

M U46619 for 30 min before lysate collection. Cell extracts were precipitated with 

GST-tagged Rhotekin-RBD protein. Rho activity expressed as ratio of active:total Rho 

abundance, in agonist-naïve (i) and U46619-challenged myocytes (ii). Representative Western 

blots shown in (iii). (N = 3 piglets; i: *p<0.05 compared with respective N controls; #p<0.01 

compared with respective S+ phenotype; ii: * p<0.05 and **p<0.01 compared with U46619-

naive controls.)!
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was unaffected by hypoxia; contractile aortic myocytes in both environmental groups had 

lower Rho activity (Figure I.5 Bi). Rho activity was unchanged by U46619 challenge of 

S+ aortic myocytes. U46619 increased Rho activity slightly in the normoxic S- group 

(Figure I.5 Bii).  

 

 Effect of hypoxia on thromboxane-stimulated phosphorylation of LIMK and 

cofilin in PA and aortic myocytes. Phosphorylation of downstream Rho pathway 

intermediates LIMK and cofilin was measured by immunoblot, normalized to total 

content of LIMK and cofilin. Serum deprivation itself decreased LIMK phosphorylation 

in normoxic PA myocytes. Hypoxia increased LIMK phosphorylation in S- PA 

myocytes, while decreasing p-LIMK in S+ PA myocytes (Figure I.6 Ai). Stimulation 

with U46619 did not further alter LIMK phosphorylation in hypoxic PA myocytes 

(Figure I.6 Aii). In aortic myocytes (Figure I.6 Bi), serum deprivation increased p-

LIMK in normoxic and hypoxic groups. Hypoxia decreased p-LIMK in serum-fed aortic 

myocytes, and in this treatment group the addition of U46619 further decreased p-LIMK 

(Figure I.6 Bii). 

 Hypoxia increased cofilin phosphorylation in PA myocytes, whereas serum 

deprivation alone had no appreciable effect (Figure I.6 Ci). U46619 challenge increased 

p-cofilin in all groups (Figure I.6 Cii). In aortic myocytes, hypoxia also increased cofilin 

phosphorylation, whereas serum deprivation had no effect (Figure I.6 Di). U46619 

exposure significantly decreased cofilin phosphorylation in most aortic treatment groups; 

NS- cells, in which p-cofilin was already low, did not decrease this further (Figure I.6 

Dii). 
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 NS+  HS+  NS-  HS-   NS+  HS+  NS-  HS- 

  -       -        -       -      +      +      +      +         U46619 

p-LIMK 

LIMK 

 NS+  HS+  NS-  HS-  NS+  HS+   NS-  HS- 

-       -        -       -      +      +      +      +         U46619 

p-LIMK 

LIMK 

 NS+  HS+  NS-  HS-   NS+  HS+  NS-  HS- 

  -       -        -       -       +      +      +      +       U46619 

p-cofilin 

cofilin 

 NS+  HS+  NS-  HS-   NS+  HS+  NS-  HS- 

-       -        -       -      +      +      +      +      U46619 

p-cofilin 

cofilin 

Figure I.6  Basal and U46619-stimulated activation of LIMK1 and cofilin-1/2. 

 

Basal and U46619-stimulated activation of LIM kinase (LIMK)1 and cofilin-1/2, measured in 

PA (A and C) and Ao (B and D) myocytes grown in normoxia or hypoxia, serum fed or 

deprived, and challenged with 10
-6

M U46619 or diluent for 30 min before lysis. Whole cell 

lysates were separated by SDS-PAGE, and blots probed with antibodies to LIMK1, phospho-

LIMK, cofilin-1/2 and phospho-cofilin in agonist-naive (i) and U46619-stimulated (ii) PA and 

Ao myocytes. Representative Western blots shown in part (iii). (N = 3 piglets; i: *p<0.05, 

**p<0.01 and ***p<0.001 compared with respective N controls; #p<0.05 compared with their 

respective S+ phenotype; ii: *p<0.05, **p<0.01 and ***p<0.001 compared with U46619-naïve 

controls.)!
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 Effects of Rho inhibition of hypoxic and agonist-induced APM. APM was 

surveyed in a semiquantitative manner by immunofluorescence microscopy, in the 

presence or absence of Rho pathway inhibitor C3 transferase. Effects of hypoxia on APM 

appear more pronounced by this method but show similar trends when measured by 

digital analysis of immunofluorescence, compared to LSC methods. Only in hypoxic S- 

PA myocytes did Rho pathway inhibition decreased polymerization of actin (Figure I.7 

A). Rho inhibition increased basal APM slightly in aortic myocytes (Figure I.7 B). 

U46619 challenge induced APM in serum-deprived PA myocytes, independent of Rho 

inhibition (Figure I.7 C). Serum-deprived aortic myocytes decreased APM after U46619 

challenge, independent of Rho inhibition (Figure I.7 D).  

  

 Contractile Force and APM in PPHN arteries. Force generation was measured in 

resistance PA and renal artery rings from 3-day-old control and pulmonary hypertensive 

(hypoxic) animals, by isometric wire myography. Contractile force to 100mM KCl was 

comparable in arteries from PPHN animals vs. controls. PPHN PA exhibited markedly 

augmented contractile force to U46619 challenge at all doses. Renal arteries had minimal 

contractile responses to U46619, unaltered by PPHN (Figure I. 8 A). 

 APM was measured by LSC in arterial cross sections fixed during maximal force 

development at each agonist dose. Hypoxic PPHN increased APM (F/G actin ratio) in 

agonist-naïve PA. U46619 challenge increased APM in a dose-dependent manner in 

PPHN but not in control PA (Figure I.8 B). PPHN increased F actin in unstimulated PA 

to a level seen in maximally contracted PA of control animals. U46619 challenge dose 

dependently decreased G actin staining in PPHN PA (albeit without apparent increase in 
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A B 

C D 

Figure I.7  Effects of Rho inhibition on hypoxia-induced APM and on U46619-induced 

  APM, measured by epifluorescence microscopy. 

 
Inhibition of Rho on APM was assessed in agonist-naïve PA (A) and Ao (B) myocytes and in 

U46619-stimulated PA (C) and Ao (D) myocytes. Myocytes were cultured in normoxia and 

hypoxia, serum fed or deprived, and preincubated for 3 days in media with or without 0.5 µg/mL 

C3 transferase, then challenged with 10
-6

M U46619 or diluent for 30 min before 

paraformaldehyde fixation. Myocytes were stained with Texas Red Phalloidin (F actin) and 

Oregon Green DNase (G actin). APM expressed as semiquantitative F/G actin ratio; note 

differing y-axis scales between PA and Ao histograms. (N = 3 piglets; A and B: **p<0.01 and 

***p<0.001 compared with untreated C3 transferase controls; C and D: **p<0.01 and 

***p<0.001 compared with U46619-naïve controls.) 

!
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C 

D 

A 

B 

E 

Figure I.8  Isometric contractions to 100 mM KCl and to serial concentrations of 

  U46619, measured in 3-day-old control and PPHN resistance PA and renal 

  arteries. 

 

(A) Rings fixed at maximum contraction (15 min post-U46619 challenge) were cross sectioned 

and stained with Phalloidin 633 (F actin) and DNase 488 (G actin) for LSC. Nuclei were 

counterstained with Hoechst 33342 to define primary contours and thence derive peripheral 

contours to quantify F and G actin integral pixel intensity within the muscular layer of 

pulmonary (C) and renal (E) arteries (expressed relative to mean intensity of F actin in control 

agonist-naïve pulmonary or renal artery, respectively). Composite F/G actin ratio was calculated 

from absolute integral pixel intensities, to quantify APM in PA (B) and renal arteries (D). (N = 3 

piglets; *p<0.01 and **p<0.001 compared with control arteries)  
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F actin staining), indicating greater APM corresponding with force development. 

Although U46619 dose dependently increased F actin in control PA, it also increased 

monomeric actin over the same dose range, resulting in no cumulative change in APM 

(Figure I.8 C). PPHN increased APM in agonist-naïve renal arteries (Figure I.8 D). 

PPHN renal artery fluorescence staining for F actin increased and G actin decreased 

modestly after U46619 (Figure I.8 E); cumulative APM was slightly increased by TP 

stimulation but did not correlate closely with force generation. 

 

DISCUSSION 

 The myocyte cytoskeleton has a dynamic structure regulating material properties 

and development of mechanical tension in muscle tissues. Fetal adaptation to extrauterine 

life entails a rapid increase in PA myocyte length and surface-to-volume ratio, increasing 

lumen diameter and lowering resistance. These changes in cell shape are associated with 

rapid depolymerization of contractile and cytoskeletal filaments (179). Hypoxic PPHN 

prevents the transient postnatal reduction in actin content (165). A functional role for 

actin in PA hypertension is thus implied but has never been characterized. Although it is 

known that polymerization of actin is important for stabilizing myofilaments and 

increasing force generation, there is little published material on perinatal regulation of the 

cytoskeleton in the pulmonary or systemic vasculature. Both hypoxia and vasoconstrictor 

challenge may contribute toward the failure of PA remodeling in neonatal pulmonary 

hypertension, by interfering with cytoskeletal reorganization. This study examines 

hypoxia, cell phenotype and vasoconstrictor signaling as distinct stimuli for 

polymerization of actin, comparing responses of systemic and PA myocytes to determine 
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differing pathways regulating APM in systemic vs. pulmonary circulations. It further 

correlates APM with thromboxane-induced force generation in PPHN arteries. 

 We report the novel finding that, although hypoxia promotes PA APM via Rho-

linked pathways, thromboxane-induced APM in hypoxic PA myocytes is independent of 

Rho. We base this conclusion in part on the evidence of a TP coupling switch in hypoxic 

myocytes, preferentially toward G"q and away from G12/13. Others have suggested that 

Rho activity may be dually regulated by TP stimulation can increase Ca
2+

-dependent Rho 

activation via G"q (404). However, under hypoxic conditions, we find that RhoA is not 

activated by U46619. This concurs with observations that in PA myocytes, whereas "-

adrenoceptor challenge activates Rho kinase, TP receptor stimulation does not (476). We 

also conclude, based on arterial myography, that the increased PA APM in PPHN 

correlates with heightened thromboxane-induced vasoconstriction. 

 Actin exists in cells as either filamentous (F) or globular (G) actin. Vascular 

smooth muscle, unlike skeletal or cardiac, contains a substantial pool of monomeric G 

actin (59). G actin spontaneously polymerizes when above its critical concentration (~8 

µg/mL) (371). In differentiated vascular myocytes, the cytoplasmic G actin concentration 

rests above this critical threshold, requiring tight regulation by actin-binding proteins 

such as cofilin, profilin, capping and sequestering proteins (232), to control the F:G actin 

ratio and thin filament assembly or disassembly (453). Small increments in APM 

correspond with large increases in tension. In unstimulated contractile vascular smooth 

muscle, ~80% of total actin exists as F actin (539). This percentage shifts to over 90% F 

actin after "-adrenergic stimulation (539). For the majority of experiments in this study, 

we measured APM as a ratio of staining intensity profiles, not by absolute separation of 
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monomer from polymer. However, these ratiometric APM measurements are validated by 

corresponding quantification of F or G actin by cytoskeletal separation and immunoblot, 

in select key experimental conditions.  

 Actin filaments, uniquely among cell structural components, increase cell 

stiffness and amplify dynamic contraction force (327). Contractile agonists precipitate 

remodeling of the actin cytoskeleton in arteriolar myocytes, promoting tension 

development (350, 353). Intravascular pressure also increases APM (59, 126). Not all 

agonist-induced polymerization involves thin filament (smooth muscle type) "-actin; 

adrenergic contraction induces remodeling of $-actin and to a lesser extent, #-actin (233). 

Coincidentally, the transient loss of $-actin is implicated in neonatal hypoxic pulmonary 

hypertension (165). Newly polymerized actin is located submembranously, giving rise to 

speculation that cytoskeletal remodeling may alter the transmission of cross-bridge-

generated force to the cell membrane (143). Dynamic actin remodeling may also enhance 

the strength of connections between membrane adhesion junctions and actin filaments, 

providing a rigid framework for transmission of force (539). We place into this context 

our finding that exposure to hypoxia independently increases APM in contractile PA 

myocytes, thus contributing to vascular rigidity and force transmission in hypoxic 

vasoconstriction. Using epifluorescence laser scanning microscopy, we localize APM to a 

radius peripheral to each nucleus but cannot by this method differentiate cortical from 

submembranous actin; that distinction may prove important when ascribing a functional 

role for hypoxic APM. We also cannot yet speculate as to the series or parallel nature of 

filament assembly under hypoxic conditions. 
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 Agonist-naïve APM in hypoxic contractile PA myocytes appears dependent on 

the Rho-Rho kinase pathway. Hypoxia increases active RhoA in PA myocytes; inhibition 

of Rho decreases polymerized actin in HS- PA myocytes. In cultured vascular myocytes, 

APM during stress fiber formation (220) and receptor-mediated contraction (148) may be 

mediated by activation of G12/13 and Rho/Rho-kinase. We speculate that the hypoxic 

APM measured in agonist-naïve contractile myocytes may result from paracrine 

vasoconstrictor receptor stimulation, activating RhoA. We observed that, in PA 

myocytes, hypoxia causes the TP receptor to associate with G"q, at the expense of its 

coupling with G12/13; we infer from this that G12/13-coupled receptors other than TP 

may activate Rho pathway signaling in hypoxic PA.  

 PA myocytes exhibit a greater range of actin plasticity than do aortic cells. This is 

predictable, given the structural plasticity of perinatal PA during circulatory adaptation to 

extrauterine life. In contrast to contractile PA myocytes, hypoxia-induced APM in 

contractile aortic myocytes is modest and independent of the Rho pathway.  

 We examined APM in synthetic myocytes, a minority population of the vascular 

media, as this phenotype subpopulation tends to expand in hypoxic vessel with its 

cytoskeleton adaptive to forces of migration and proliferation (354). Both PA and aortic 

synthetic myocytes decrease APM during hypoxic exposure. Migratory cells are polar, 

requiring active remodeling of the actin cytoskeleton such that the leading end undergoes 

filament growth, while the lagging end requires filament disassembly. We measured 

cumulative changes in APM per cell and thus cannot comment upon cell polarity. 

However, actin depolymerization appears to be the dominant trend. Whereas synthetic 

phenotype fibroblasts require RhoA activity for cell locomotion (468), receptor-
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independent, protein kinase G-mediated pathways have been implicated in hypoxic 

pulmonary arterial myocyte adhesion, actin depolymerization and cell migration (335). In 

both PA and aortic synthetic myocytes, remodeling of the actin cytoskeleton is not Rho 

dependent. Rho activity is unaltered by hypoxia in S+ PA and aortic myocytes, and APM 

is not diminished by Rho inhibition. We therefore speculate that G protein-coupled 

receptor-linked GTPases other than Rho may be important for synthetic myocyte 

migration under hypoxic conditions.  

 Thromboxane is a critical pulmonary constrictor under hypoxic conditions. We 

therefore modeled the effect of vasoconstrictor challenge by incubation with synthetic TP 

agonist U46619. In S+ myocytes of systemic and pulmonary origins, U46619 decreases 

APM, suggesting TP stimulation may promote myocyte migration or proliferation. TP 

activity is known to stimulate migration of endothelium (74) and mesenchymal stem cells 

(530) and to play a role in tumor cell motility (336). In contractile PA, U46619 further 

increases polymerized actin while decreasing APM in S- aortic myocytes. This finding is 

consistent with the fact that thromboxane is a vasoconstrictor in the pulmonary circuit 

while a vasodilator in the systemic circuit. APM in U46619-stimulated hypoxic 

contractile PA myocytes is independent of the Rho-Rho kinase pathway, as addition of 

U46619 does not alter TP receptor association with G" species, does not activate RhoA 

or LIMK phosphorylation, and Rho-inhibited PA myocytes still increase APM when 

stimulated with U46619. We conclude that APM in response to TP challenge may occur 

via other G12/13-linked pathways. Other candidate pathways for regulation of agonist-

elicited active force and APM in smooth muscle include Cdc42 (461) and the 
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phosphatidylinositol 3-kinase (PI3K)/Akt pathways (534).  We are currently investigating 

effects of TP stimulation on APM in PA via these pathways. 

 LIMK activated by Rho kinase or Cdc42 is known to cause actin stress fiber 

formation via cofilin phosphorylation (13, 456, 526). We observed LIMK 

phosphorylation to correspond closely with trends in measured APM. Phosphorylation of 

cofilin, a terminal effector protein which severs F-actin, suppresses cytoskeletal 

reorganization (286); cofilin dephosphorylation reduces agonist-induced force 

development (540). Unexpectedly in our hands cofilin phosphorylation corresponds less 

well with APM in PA. Addition of U46619 increases phospho-cofilin in normoxic and 

hypoxic S- PA myocytes, whereas APM is increased only in the hypoxic group. Although 

regulation of cofilin is directly upstream of actin depolymerization, other factors 

influence cofilin activity. Cofilin phosphatases and their upstream signaling pathways in 

vascular smooth muscle are various. Cofilin activity may be dually regulated via LIMK 

and Slingshot-1L phosphatase (405); the latter intermediate is also activated downstream 

to PI3K (340), causing LIMK-independent activation of cofilin. PI3K and Slingshot have 

not yet been investigated in context of hypoxic APM. It is also possible that, in 

examining stable APM following prolonged agonist exposure (30 min), our time course 

may have missed the point of maximal phosphorylation of signaling intermediates 

contributing to APM. In studies of vascular smooth muscle migration, cofilin was 

dephosphorylated anywhere between 5 and 60 min after stimulus (523, 534). 

Notwithstanding any discrepancies in measured phospho-cofilin, the concordance of 

LIMK activation with APM in this study was taken to substantiate the overall pathway. 

Hence a time course study was not pursued.    
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 Finally we examined APM and force responses simultaneously, in arterioles from 

an in vivo hypoxia model of PPHN. To isolate the tissue-specific contribution of APM to 

force generation, we measured responses in PA and renal arteries, both of which have a 

contractile response to thromboxane. Agonist-naïve PPHN pulmonary arteries, similar to 

hypoxic PA myocytes, have elevated F actin content. This basal APM does not increase 

KCl-mediated contraction of PA; but the dose-dependent effect of TP stimulation on 

APM corresponds with enhanced force generation by hypoxic PA to this agonist. Renal 

arteries from PPHN animals have KCl responses similar to pulmonary arteries. However, 

although resting APM is elevated in hypoxic renal artery, there is no correlation in renal 

artery between agonist-induced APM and force generation to U46619. We conclude that 

PA APM is uniquely important for agonist-induced force in PPHN. Hypoxia in vivo and 

U46619 challenge independently increase APM in PPHN pulmonary artery, contributing 

toward agonist-induced vasoconstriction. These data serve to validate our in vitro 

observations.  

 In summary, hypoxia increases APM in all contractile myocytes, with the Rho 

pathway being particularly important in PA. Hypoxia in vivo similarly increases PA 

APM. We speculate that APM-mediated wall stiffness and force generation in hypoxic 

PA may be amenable to downregulation by Rho kinase inhibitors, in which there is 

evolving clinical interest. However, challenge of hypoxic PA myocytes with a 

thromboxane mimetic induces marked APM, independently of Rho. This APM response 

is unique to the pulmonary circuit, facilitates agonist-mediated vasoconstriction, and has 

implications for therapeutic management of PA remodeling in the presence of 

inflammatory prostanoids. Receptor type, receptor coupling and concurrent activation of 
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other pathways converging on actin filament reorganization influence vasoconstrictor-

induced APM. Inhibition of Rho pathway intermediates may not be beneficial in this 

context.   
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ABSTRACT 

 Rationale: In hypoxic pulmonary arterial (PA) myocytes, challenge with 

thromboxane mimetic U46619 induces marked actin polymerization (APM) and 

vasoconstriction, both major contributors to the pathophysiology of persistent pulmonary 

hypertension of the newborn (PPHN). Rho GTPases regulate the actin cytoskeleton. We 

previously reported that U46619-induced APM in hypoxic PA myocytes occurs 

independently of the RhoA pathway. 

 Methods: PA myocytes were grown in normoxia or hypoxia for 72 hrs were 

stimulated with U46619, then analyzed for Rac/Cdc42 activation by affinity precipitation, 

PI3K activity by phospho-Akt, phospho-PAK by immunoblot, and association of Cdc42 

with N-WASp by immunoprecipitation. Effect of Rac or PAK inhibition on APM was 

quantified by laser-scanning cytometry and by cytoskeletal fractionation. Effects of actin-

modifying agents on contraction were measured by isometric myography. 

 Results: Basal Cdc42 activity increased in hypoxia, while Rac activity decreased. 

U46619 challenge increased Cdc42 and Rac activity in hypoxic cells, independently of 

PI3K. Hypoxia increased phospho-PAK, unaltered by U46619. Association of Cdc42 

with N-WASp decreased in hypoxia, but increased after U46619 exposure. Hypoxia 

doubled APM via alpha- and gamma-actin isoforms, which selectively contributed to 

U46619-induced contraction. Jasplakinolide stabilized gamma filaments, increasing 

force; cytochalasin D depolymerized all actin isoforms, decreasing force. Rac and PAK 

inhibition decreased APM, but had no affect on force. 

 Conclusion: Hypoxia induces APM in PA myocytes, particularly increasing 

filamentous alpha- and gamma-actin, contributing to enhanced U46619-induced 
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contraction. PA myocytes challenged with a TP agonist polymerize actin via the Cdc42 

pathway, reflecting increased Cdc42 association with N-WASp. Mechanisms regulating 

thromboxane-mediated APM may serve as potential targets for future PPHN 

pharmacotherapy. 

 

KEYWORDS: actin polymerization, actin isoforms, PPHN, hypoxia, thromboxane, Rac, 

Cdc42 
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INTRODUCTION 

 Pulmonary vascular resistance is high in utero but declines at birth, to 

accommodate increasing pulmonary blood flow! (144). This decrease in pulmonary 

arterial resistance is attributed to dilatation and recruitment of intra-acinar arteries; 

reduced arterial muscle; growth and remodeling of the pulmonary arteries; increased 

release of vasodilators and decreased vasoconstrictors! (139). Failure of pulmonary 

arterial relaxation at birth leads to persistent pulmonary hypertension of the newborn 

(PPHN), precipitated by perinatal hypoxia, meconium aspiration, sepsis or inflammation!

(447), resulting in high-pressure pulmonary circulation and inadequate oxygen supply to 

organs! (465). PPHN has an incidence of 2-6/1000 births(498), with mortality due to 

hypoxemia and respiratory failure!(355).   

 In utero, pulmonary arterial smooth muscle cells are rounded and densely packed, 

resulting in a thick arterial wall and narrow lumen!(138). The myocyte actin cytoskeleton 

undergoes remodeling during circulatory adaptation after birth! (179), as exposure to 

normoxic conditions promotes actin filament disassembly to permit myocyte elongation. 

PPHN prevents the transient postnatal reduction in actin content, resulting in highly 

polymerized actin and increased vasoconstriction!(165). Importantly, a key change in the 

histology of PPHN pulmonary arteries is increased immunostaining of medial smooth 

muscle for the gamma isoform of actin! (165). The functional role of increased gamma 

actin in hypoxic pulmonary vasoconstriction in newborns has never been elucidated. 

The dynamic polymerization and depolymerization of actin filaments is necessary for 

smooth muscle contraction and relaxation! (233, 303, 460). Actin cytoskeletal changes 

also contribute toward loss of mural elastic properties, inward remodeling and increased 
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wall thickness in hypertensive resistance arteries!(47). Actin polymerization is known to 

be regulated by activity of receptor-linked small GTPases Rho, Rac and Cdc42. In a 

neonatal porcine model of hypoxic PPHN, we previously reported that actin 

polymerization increases smooth muscle force generation and thereby enhances 

thromboxane-mediated pulmonary arterial constriction!(113). In a matched in vitro model 

of pulmonary arterial hypoxia, we demonstrated that challenge of hypoxic pulmonary 

artery myocytes with the thromboxane mimetic U46619 markedly induces actin 

polymerization. This increase in polymerized actin occurs independently of the RhoA 

pathway, reflected by decreased thromboxane receptor (TP) association with G"12/13 in 

favor of G"q, diminished activation of RhoA pathway intermediates including LIMK, 

and insensitivity of actin polymerization to Rho kinase inhibition! (113). These data 

suggested to us that, while Rho kinase inhibitors have demonstrated potential for acute 

vasodilation in pulmonary arterial hypertension! (57, 264), Rho pathway inhibition may 

not address the ancillary problem of cytoskeletal remodeling in hypoxic pulmonary 

artery. We then sought to examine other related signaling pathways for intervention 

potential. In context of the historical finding that PPHN pulmonary arteries are 

distinguished by the persistence of gamma actin, we also targeted signaling for 

polymerization of this component of the actin pool. In the present study, we examine the 

importance of Rac and Cdc42 pathways in regulating thromboxane-induced actin 

polymerization, in hypoxic pulmonary arterial myocytes after challenge with 

thromboxane mimetic U46619; and the effects of these pathways on inclusion of alpha, 

beta and gamma actin isoforms in the filamentous fraction of hypoxic myocytes. Actin-

stabilizing and -destabilizing agents were used to infer the importance of actin 
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polymerization for the U46619 contractile response/!01!23456217"819!62:6!;") hypoxia 

will promote polymerization of actin isoforms alpha and gamma, contributing to 

enhanced vasoconstriction<! ;"") U46619-induced polymerization of actin in hypoxic PA 

myocytes will require the Cdc42 pathway;!:=9!;""") inhibition of actin polymerization via 

this pathway will attenuate the U46619 contractile response in hypoxic myocytes. 

Determining the mechanism for thromboxane-induced actin polymerization in hypoxic 

pulmonary artery myocytes may have implications for therapeutic management of 

pulmonary arterial remodeling in the presence of hypoxia and inflammatory prostanoids, 

in infants with PPHN. 

 

SPECIFIC MATERIAL AND METHODS 

Reagents 

 Thromboxane mimetic U46619 and cytochalasin D were purchased from Sigma; 

Rac1 inhibitor (NSC23766), p21-activated kinase inhibitor (IPA-3), Rho kinase inhibitor 

(Y27632), and jasplakinolide from Calbiochem; Rac and Cdc42 activation assay from 

Cytoskeleton; in-gel cell contraction assay from Cell BioLabs; protein A Sepharose beads 

from GE Healthcare. The following antibodies were used: polyclonal anti-pan actin 

(1:1,000; Cytoskeleton), monoclonal !-smooth muscle actin (1:10,000; Sigma), 

monoclonal anti-" actin (1:5,000; Sigma), monoclonal #-actin (1:1,000; Santa Cruz), 

PAK1 (p-21 activated kinase, 1:1,000; Cell Signaling), phospho-

PAK1(Thr423)/PAK2(Thr402) (1:1,000; Cell Signaling), phospho-Akt(Ser473) (1:1,000; 

Cell Signaling), Akt (1:1,000; Cell Signaling), phospho-myosin light 

chain2(Thr18/Ser19) (1:50; Cell Signaling), N-WASp (Neuronal-Wiskott Aldrich 
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Syndrome protein, 2 $g; Santa Cruz), Rac1 and Cdc42 monoclonal antibody (1:500; 

Cytoskeleton), Alexa Fluor 633 Phalloidin (filamentous (F) actin, 1:40; Molecular 

Probes), DNase 488 (globular (G) actin, 1:500; Molecular Probes), FITC (1:200; Jackson 

ImmunoResearch), Cy5 (1:200; Jackson ImmunoResearch), and Hoechst 33342 (1:2,000; 

Invitrogen). 

 

Cell Culture and in vitro Hypoxia 

 Pulmonary arterial smooth muscle cells (PASMC) were obtained from newborn 

piglets (<24 hr old) using a dispersed cell culture method as previously described. At 

~80% confluence, myocytes were serum-deprived for 48 hrs in F-12 media with 1% 

penicillin/streptomycin and 1% insulin-transferrin-selenium, to synchronize cells in a 

contractile phenotype. PASMCs were then randomized to hypoxic (HM, 10% O2, 5% 

CO2) or normoxic (NM, 21% O2, 5% CO2) conditions for an additional 72 hrs.  

 

Induction of PPHN 

 Newborn piglets (<24 hrs old) were raised in normobaric hypoxia for 72 hrs 

(FiO2=0.10) to induce PPHN. Age-matched controls were raised in normoxia for 3 days 

(FiO2=0.21). Piglets were euthanized by pentobarbital overdose and exsanguination. 

Heart and lungs were removed en bloc into oxygenated cold Ca
2+

-free Krebs-Henseleit 

buffer. Pulmonary arteries were isolated by microdissection for myography (below). 
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Stress Fiber Isolation 

 PASMCs were serum-deprived and exposed to normoxia or hypoxia. Cells were 

stimulated with 10
-6

M U46619 or diluent for 30 min in media prior to isolation of stress 

fibers, as previously described. Equal volumes of the F (filament) and G (globular) actin 

fractions were separated by SDS-PAGE, and blots probed with a pan-actin antibody then 

reprobed with antibodies to specific actin isoforms. Bands were visualized by enhanced 

chemiluminescence and quantified by densitometry.  

 

Rac and Cdc42 Activity 

 Contractile normoxic and hypoxic myocytes were stimulated with 10
-6

M U46619 

or buffer for 30 min. Active Rac1 and Cdc42 were specifically precipitated with GST-

tagged PAK-PBD protein on colored agarose beads, as previously described. Proteins 

were eluted by centrifugation and separated by SDS-PAGE. Blots were probed with anti-

Rac1 or anti-Cdc42 monoclonal antibodies, and GTP-bound proteins were compared with 

their abundance in whole cell lysates.  

 

Activity of PAK and PI3K 

 Contractile normoxic and hypoxic myocytes were challenged for 30 min with 10
-

6
M U46619 or diluent. Whole cell lysates were collected in ice-cold lysis buffer and 

proteins separated by 12% SDS-PAGE. To determine PAK activity, blots were probed 

for phospho-PAK, stripped and reprobed for total PAK protein abundance. Similarly, 

PI3K activity level was assessed using antibody to phospho-Akt, then reprobed for total 

Akt.  
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Cdc42 association with N-WASp  

 Contractile normoxic and hypoxic myocytes were stimulated for 30 min with 10
-

6
M U46619 or diluent. Whole cell lysates were first pre-cleared with 50% slurry of 

protein A Sepharose beads, prior to incubating the pre-cleared lysates with 2µg N-WASp. 

The immunoprecipitate was pulled down with 50% bead slurry, washed, and eluted 

proteins separated by SDS-PAGE, as previously described. Blots were probed with anti-

Cdc42 antibody, stripped and reprobed with N-WASp to confirm equal sample loading. 

Protein bands were visualized by enhanced chemiluminescence and quantified under non-

saturating conditions by densitometry. 

 

Force Myography 

 Pulmonary arteries (600-700 µm diameter) from newborn (<24 hr old), PPHN or 

age-matched 3-day-control piglets were mounted on a multichamber wire myograph. 

Vessels were equilibrated at optimal length, determined from a length/tension curve 

deriving maximum active tension to high KCl Krebs, before isometric contraction to 10
-

6
M U46619. Effects of jasplakinolide and cytochalasin D on maximal U46619 

contractions were assayed using increasing doses of the actin-stabilizer and -destabilizer 

respectively. PPHN and control pulmonary arteries similarly equilibrated at optimal 

length were challenged with 10
-6

M U46619 in presence of 10
-5

M Y27632 (inhibiting Rho 

kinase), 100 $M NSC23766 (inhibiting Rac), or 10 $M IPA-3 (inhibiting PAK) for a 

minimum of 30 min. Reversibility of actin agents was tested by repeat challenge with 

KCl and U46619. All force measurements were normalized to maximal contractile 
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response to KCl. Vessels were then fixed in situ at rest or at maximum contraction 

(steady state, 5 min post-U46619 challenge) with 10% formalin, embedded in OCT in an 

end-on orientation, sectioned and stained for quantification by laser scanning cytometry.  

 

Laser Scanning Cytometry for F/G actin ratio in cells and tissue 

 Serum deprived myocytes were treated for the 3 days of normoxic or hypoxic 

exposure with 100 $M NSC23766 (Rac1 inhibitor), 10 $M IPA-3 (PAK1 inhibitor) or 

diluent, then challenged with 10
-6

M U46619 or diluent for 30 min prior to fixation and 

permeabilization with 3% PFA and 0.3% Triton X-100 respectivetly. Myocytes and 

pulmonary arteries fixed in situ on the myography were co-stained with phalloidin (red, F 

actin) and DNase I (green, G actin), and nuclei counterstained with Hoechst 33342. 12 

$m cryosections were also stained with anti-phospho-myosin light chain, anti-alpha 

smooth muscle actin, anti-gamma actin or anti-phospho-PAK for 1 hr at room 

temperature, then washed in cyto-TBS+0.5M NaCl, and stained with FITC (green) and 

Cy5 (red); nuclei were counterstained with Hoechst 33342. Laser scanning cytometry 

was used to quantify fluorescence integral intensity of red and green per cell, as 

previously described. Single nuclei were used a primary contour and a region of interest 

was expanded from this primary contour. Peripheral integral intensity of red and green 

fluorescence was calculated to include sarcoplasm, but exclude background area. Degree 

of actin polymerization is defined as F/G actin ratio per cell. 
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Data Analysis 

 All values are expressed as mean+SE, at p<0.05. Comparisons were made 

between normoxic versus hypoxic myocytes, and between agonist-naïve versus U46619-

challenged cells, by two-way ANOVA with post-hoc Bonferroni correction.  

 

RESULTS 

 For all comparisons, normoxic and hypoxic control groups are abbreviated as NC 

(open bars) and HC (closed bars) respectively, while normoxic and hypoxic myocytes 

challenged with the TP agonist U46619 are abbreviated as NT (open hatched bars) and 

HT (closed hatched bars) respectively. The Rac and Cdc42 signaling pathways studied in 

this paper are illustrated in Figure II.1. 

 Actin Isoforms. Actin filaments (F actin) were isolated and compared with soluble 

(G actin) components to determine effects of hypoxia and thromboxane challenge on 

actin polymerization. Total actin, and major actin isoforms separated into their 

filamentous and soluble components, were quantified by immunoblot (Figure II.2). 

Exposure to 72 hr hypoxia (HC) resulted in increased polymerized actin compared to 

normoxic controls (NC) comprising a modest increase in alpha-actin and larger increase 

in gamma-actin polymerization. Stimulating normoxic and hypoxic cells with TP agonist 

U46619 increased polymerization of all 3 actin isoforms, but while normoxic myocytes 

(NT) predominantly polymerized alpha-actin after agonist challenge, in hypoxic 

myocytes challenged with U46619 (HT) the largest component of filamentous actin was 

gamma-actin.  
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Figure II.1  Rac and PAK signaling pathways implicated in actin polymerization of 

  hypoxic and U46619-challenged PA myocytes.  

 

Rac and Cdc42 signaling pathways studied in this paper. 
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Figure II.2  Effects of hypoxia and U46619-challenge on actin isoform polymerization in 

  PA myocytes.  

 

Normoxic and hypoxic PA myocytes were stimulated with 10
-6

M U46619 (TP receptor agonist) 

or diluent for 30 min before stress fiber isolation. Filamentous (F) actin was isolated from 

globular (G) actin and then separated by SDS-PAGE to quantify F/G actin ratio using a pan actin 

(anti-actin), alpha-, beta- and gamma-actin antibodies. Representative Western blots shown 

below bar graph. (**p<0.01 and ***p<0.001 vs. NC (open bar); •p<0.05 and •••p<0.001 vs. 

control group; N=3 independent experiments) 
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 Active Rac and Cdc42. We investigated the role of Rho GTPases Rac and Cdc42 

in hypoxia and TP receptor signaling. Active (GTP-bound) Rac and Cdc42 were isolated 

by affinity precipitation and normalized to total lysate protein content. Hypoxia down-

regulates Rac activity (Figure II.3 A), while increasing Cdc42 activity (Figure II.3 B). 

TP receptor stimulation increased active Rac content in hypoxic cells only, and further 

increased active Cdc42 in hypoxic myocytes. 

  

 Active PAK. We measured phosphorylation of PAK (p21-activated kinase), a 

serine/threonine protein kinase acting as a downstream effector of activated Rac/Cdc42 to 

regulate the organization of actin filaments (67). Hypoxia for 72 hrs increased 

phosphorylation of PAK. Phospho-PAK abundance was unaltered after U46619 

challenge in normoxic and hypoxic myocytes (Figure II.4).   

  

 Cdc42 associated with N-WASp. Association of Cdc42 with N-WASp (Neuronal 

Wiskott Aldrich Syndrome protein) was measured by co-immunoprecipitation. N-WASp 

stimulates actin-nucleating activity of the Arp2/3 complex via interaction with active 

Cdc42 (396), but not Rac. Hypoxic myocytes had less Cdc42 associated with N-WASp 

(Figure II.5). Stimulating the TP receptor with U46619 increased association of Cdc42 

with N-WASp in hypoxic cells only. 

  

 PI3K activity. To determine if the observed changes in Rac and Cdc42 activity 

were regulated by upstream phosphatidylinositide-3-kinase (PI3K) activity (88, 507), we 

measured phosphorylation of Akt, a direct substrate of PI3K. Hypoxia decreased 
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Figure II.3  Effects of hypoxia on basal and U46619-stimulated Rac1 and Cdc42 activity 

  in PA myocytes.  

 

Normoxic and hypoxic PA myocytes were stimulated with or without 10
-6

M U46619 (TP 

receptor agonist) before lysate collection. Cell extracts were precipitated with GST-tagged p21-

activated kinase-PBD protein. Rac and Cdc42 activity are expressed as ratio of active:total Rac 

(A) and Cdc42 (B) protein abundance respectively. Representative Western blots shown below 

bar graph. (**p<0.01 and ***p<0.001 vs. NC (open bar); •p<0.05 and ••p<0.01 vs. control 

group; N=3 independent experiments) 
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Figure II.4  Effects of hypoxia and U46619-challenge phosphorylation of PAK in PA 

  myocytes.  

 

PA myocytes grown in normoxic and hypoxic were stimulated with or without 10
-6

M U46619 

(TP receptor agonist) for 30 min before lysis. Whole cell lysates were separated by SDS-PAGE. 

Blots were probed for phospho-p21 activated kinase (PAK), and then compared with total PAK 

protein abundance. Representative Western blots shown below bar graph. (*p<0.05 vs. NC 

(open bar); N=3 independent experiments) 
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Figure II.5  Interaction of Cdc42 with N-WASp in PA myocytes in response to hypoxia 

  or thromboxane challenge.  

 

Serum-deprived normoxic and hypoxic PA myocytes were stimulated with 10
-6

M U46619 (TP 

receptor agonist) or diluent for 30 min. Cell extracts were precipitated with neuronal Wiskott-

Aldrich Syndrome protein, then probed with Cdc42 specific antibody. Cdc42 blots were 

compared with total N-WASp co-immunoprecipitated. Representative Western blots shown 

below bar graph. (*p<0.05 vs. NC (open bar); ••p<0.01 vs. control group; N=3 independent 

experiments) 
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phospho-Akt levels in PA myocytes (Figure II.6). Stimulating the TP receptor with 

U46619 further decreased phospho-Akt in normoxic and hypoxic myocytes. 

  

 Rac and PAK inhibition on APM and isoforms. To determine the effects of PAK 

and Rac signals on APM, cells were pretreated with NSC23766 (inactivates Rac) or IPA-

3 (inhibits PAK). We first tested low and high doses of NSC23766 (50 and 100 µM) and 

IPA-3 (10 and 30 µM), to select most effective concentrations (Supplemental Figure 

II.1A and B). Only high dose NSC23766 decreased GTP-bound Rac, while both IPA-3 

doses decreased phosphorylation of PAK in PA myocytes. Since PAK is a downstream 

effector of activated Rac, effects of NSC23766 on phospho-PAK were also measured 

(Supplemental Figure II.1 C). Inhibition of Rac had no effect on phospho-PAK levels 

in normoxic cells, but decreased PAK activity in hypoxic PA myocytes. Effects of Rac 

and PAK inhibition on actin polymerization were measured by F- and G-actin staining 

(quantified ratiometrically by LSC) of intact cells, and also by immunoblot of 

cytoskeletal (F actin) vs. cytosolic (G actin) fractions from agonist-naïve myocytes. In 

normoxic PA myocytes, Rac inhibition had no effect on polymerization of actin, while 

PAK inhibition decreased actin polymerization. Hypoxia-induced polymerization of actin 

was sensitive to inhibition of either Rac or PAK (Figure II.7), as was actin 

polymerization following U46619 stimulation of normoxic or hypoxic cells. 

We then studied the effect of Rac and PAK signaling on polymerization of specific actin 

isoforms. In normoxic cells, alpha-actin polymerization required PAK activity, while 

inhibition of Rac depolymerized gamma-actin filaments. In hypoxic myocytes, 

polymerization of both alpha- and gamma-actin filaments is more sensitive to Rac  
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Figure II.6  Effects of hypoxia and U46619-challenge on PI3K activity in PA myocytes.  

 

Serum-deprived normoxic and hypoxic PA myocytes were stimulated with 10
-6

M U46619 (TP 

receptor agonist) or diluent for 30 min, and then cells were lysed. Whole cell lysates were 

separated by SDS-PAGE. Blots were probed for phospho-Akt, and then compared with total Akt 

protein abundance to determine PI3K activity. Representative Western blots shown below bar 

graph. (**p<0.01 vs. NC (open bar); •p<0.05 and •••p<0.001 vs. control group; N=3 

independent experiments) 
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Supplemental Figure II.1  Effectiveness of Rac and PAK inhibition in normoxic and 

    hypoxic PA myocytes.  

 

Normoxic and hypoxic PA myocytes were preincubated daily for 3 days in media with 

NSC23766 (prevents Rac1 activation; 50 or 100 $M) or IPA-3 (inhibitor of p21-activated 

kinase; 10 or 30 $M) prior to lysate collection. (A) Active Rac was precipitated with GST-

tagged p21-activated kinase-PBD protein, and then compared with total Rac abundance by 

Western Blot. (B and C) Blots of whole cell lysates were probed for phospho-p21 activated 

kinase (PAK), and than compared with total PAK protein abundance to measure PAK activity. 

Representative Western blots are shown below each bar graph. (*p<0.05 vs untreated NC; 

•p<0.05, ••p<0.01 and •••p<0.001 vs. untreated control group; N=3 independent experiments) 
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Figure II.7  Effects of Rac and PAK inhibition on APM in hypoxic and U46619- 

  challenged PA myocytes.  

 

Normoxic and hypoxic PA myocytes were pre-incubated for 3 days in media with 100 $M 

NSC23766 (Rac inhibitor), 10 $M IPA-3 (PAK inhibitor) or diluent, then challenged with TP 

agonist 10
-6

M U46619 or diluent for 30 min before paraformaldehyde fixation. Myocytes were 

stained with Phalloidin-633 (F actin) and DNase-488 (G actin). Nuclei were counterstained with 

Hoechst 33342 to illuminate a primary contour for quantification of F and G actin integral 

intensity per cell. APM expressed as F/G actin ratio (*p<0.001 vs NC; •p<0.001 vs U46619-

naïve control group; #p<0.001 vs. untreated group; N=3 independent experiments). 



MANUSCRIPT II: THROMBOXANE-INDUCED APM REQUIRES CDC42 

! %(.!

inhibition, while PAK inhibition decreased polymerized gamma-actin (Figure II.8). F/G 

actin ratios determined by immunoblot (anti-actin) of fractionated cytoskeletal 

components from agonist-naïve myocytes, were comparable to the corresponding LSC 

findings. 

 

 Actin dynamics and cell contraction. We studied effects of actin-stabilizer and -

destabilizer agents on polymerization of specific actin isoforms, and by this approach the 

contribution of actin isoforms to contraction. Cytoskeletal and cytosolic fractions were 

collected; actin polymerization was quantified by immunoblot. Contraction of whole PA 

was measured by vascular myography, following actin stabilization or destabilization. As 

described above, hypoxic exposure for 72 hrs increased actin polymerization (Figure 

II.9A; anti-actin), with increased polymerization of alpha- and gamma-actin isoforms. 

Stabilizing actin filaments with jasplakinolide had greatest effect on increasing 

polymerization of gamma-actin. Destabilizing actin filaments with cytochalasin D 

equally depolymerized all 3 actin isoforms (Figure II.9A). Finally we studied the 

contributions of actin polymerization to vascular contraction. The effect of actin 

polymerization on U46619-induced force generation was measured by isometric wire 

myography in resistance pulmonary arteries from day 0 piglets (Figure II.9B). 

Pulmonary arteries contracted to 10
-6

M U46619, and remained contracted over the course 

of the experiment until washout.  Addition of jasplakinolide (at increasing doses >100 

nM) elevated U46619-induced contractile force, while U46619-induced force decreased 

step-wise to increasing doses of cytochalasin D (>200 nM). The effects of jasplakinolide 
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Figure II.8  Effects of Rac and PAK inhibition on actin isoforms in PA myocytes.  

 

Normoxic and hypoxic PA myocytes were preincubated for 3 days in media with or without 100 

$M NSC23766 and 10 $M IPA-3, prior to stress fiber isolation. Filamentous (F) actin was 

isolated from globular (G) actin and then fractions were separated by SDS-PAGE to quantify 

F/G actin ratio using a pan actin (anti-actin), alpha-, beta- and gamma-actin antibodies. 

(***p<0.001 vs. untreated NC; !p<005, !!p<0.01 and !!!p<0.001 vs. untreated control group; 

N=3 independent experiments) 
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Figure II.9  Effects of actin stabilization or destabilization on actin isoform  

  polymerization in PA myocytes.  

 

(A) Normoxic and hypoxic PA myocytes were treated with 1 $M jasplakinolide, 2 $M 

cytochalasin D or diluent for 30 min before stress fiber isolation. Filamentous (F) actin was 

isolated from globular (G) actin; separated by SDS-PAGE; F/G actin ratio was quantified using a 

pan actin (anti-actin), alpha-, beta- and gamma-actin antibodies. (B) Isometric contractions to 10
-

6
M U46619 in day 0 resistance pulmonary arteries, followed by addition of increasing doses of 

jasplakinolide (50, 100, 200, 500 and 1000 nM) and cytochalasin D (100, 200, 400, 500 and 

2000 nM)  (**p<0.01 vs. NC (open bar); !!p<0.01 and !!!p<0.001 vs. untreated control; N=3 

independent experiments) 
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and cytochalasin D were promptly reversible upon washout and subsequent KCl and 

U46619 challenge (not shown). 

 Rho kinase, Rac and PAK inhibition on actin isoform polymerization. To 

determine the effects of Rho kinase, Rac and PAK signals on actin isoform 

polymerization, pulmonary arteries from day 3 normoxic and PPHN animals were 

pretreated with Y27632 (inhibits Rho kinase), NSC23766 (inactivates Rac) or IPA-3 

(inhibits PAK) prior to contraction with 10
-6

M U46619. Arteries were fixed in situ on the 

myography and then sectioned and stained to quantify fluorescence integral intensity by 

LSC. Confirmation of PAK inhibition by IPA-3 is illustrated in Figure II.10A. 

Pulmonary arteries exposed to hypoxia for 3 days polymerized actin. Contracting the 

arteries with U46619 further increased the F/G actin ratio in vessels from both PPHN and 

day 3 control animals (Figure II.10B). Inhibiting pathway intermediates had a greater 

effect on actin polymerization in hypoxic pulmonary arteries. Inhibition of Rac only 

decreased the F/G actin ratio in control arteries, while inhibiting Rho kinase, Rac and 

PAK all lead to a decrease in actin polymerization in pulmonary arteries from PPHN 

animals (Figure II.10B). When observing total alpha- and gamma-actin staining within 

the vessels, both actin isoforms increased in PPHN (Figure II.10C and D). However, 

only gamma-actin staining increased after contracting control and PPHN arteries with 

U46619. In day 3 control pulmonary arteries, inhibition of Rho kinase, Rac or PAK had 

no effect on alpha-actin staining (Figure II.10C). In contrast, Rho kinase inhibition 

decreased alpha- and gamma-actin staining, while inhibiting PAK only decreased 

gamma-actin staining (Figure II.10D). Contractile force to the thromboxane mimetic 

U46619 in day 3 normoxic and hypoxic pulmonary arteries was measured by isometric 
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Figure II.10  Effects of pathway inhibitors on actin isoform polymerization in PPHN.   

 

Resistance pulmonary arteries from day 3 normoxic and hypoxic animals were pretreated with 

10
-5

M Y27632 (inhibiting Rho kinase), 100 $M NSC23766 (inhibiting Rac), or 10 $M IPA-3 

(inhibiting PAK) for a minimum of 30 min prior to challenge with 10
-6

M U46619 (E). Arteries 

were fixed in situ on the myography (5 min post U46619 challenge), and then stained for 

phospho-PAK1 (A), Phalloidin-633 (F actin) and DNase-488 (G actin) (B), alpha-actin (C), 

gamma-actin (D), and phospho-MLC (F). Nuclei were counterstained with Hoechst 33342 to 

illuminate a primary contour for quantification of red and green integral intensity per cell. APM 

expressed as F/G actin ratio (***p<0.001 vs. D3N; •p<0.001 vs. corresponding U46619-naïve 

group; #p<0.001 vs. untreated D3N U46619 or D3H U46619 group; N=3 independent 

experiments). 
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myography. Pulmonary arteries from PPHN animals had markedly augmented contractile 

force to U46619 in comparison to normoxic vessels (Figure II.10E). Inhibiting Rho 

kinase slightly decreased U46619-induced contraction in control arteries, while 

normalizing contractile force in PPHN vessels. Rac inhibition had no effect on contractile 

force in either arteries, but inhibiting PAK augmented U46619-induced contraction in 

PPHN. Thus, in the presence of the pathways inhibitors force generation did not always 

correspond with actin polymerization, but reflected phosphorylation of the regulatory 

subunit of myosin light chain. PPHN pulmonary arteries had increased phospho-MLC in 

comparison to vessels from control animals (Figure II.10F). MLC phosphorylation 

further increased after normoxic and hypoxic arteries were contracted with U46619. Pre-

incubation with Y27632 significantly decreased phospho-MLC in pulmonary arteries 

from control and PPHN animals. Rac inhibition had no effect on the phosphorylation 

levels of MLC, while inhibiting PAK significantly increased phospho-MLC in contracted 

PPHN arteries.  

  

DISCUSSION 

 Adaptation to extrauterine life entails functional and structural remodeling of the 

pulmonary vasculature (22), initially achieved by increasing the length and surface-to-

volume ratio of pulmonary arterial smooth muscle cells, expanding lumen diameter and 

lowering vascular resistance (179). These changes in myocyte architecture are attributed 

to rapid depolymerization and remodeling of cytoskeletal and contractile filaments (17). 

Therefore dynamic polymerization and depolymerization of vascular smooth muscle 

actin filaments is required for adequate postnatal pulmonary artery blood flow. 
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Histologically, neonatal pulmonary hypertension is characterized by persistently elevated 

actin content, in particular gamma actin (165). In hypoxia, actin polymerization is further 

increased by the presence of circulating vasoconstrictors such as thromboxane (113). It is 

established that disturbing actin dynamics decreases contractile force (303) or velocity of 

contraction (296). However the regulation and importance of increased agonist-induced 

actin polymerization in hypoxic pulmonary arterial smooth muscle during the perinatal 

period are undefined. We previously reported polymerization of actin in hypoxic neonatal 

pulmonary arteries associated with increased force of U46619-mediated contraction, a 

phenomenon unique to the pulmonary circuit. In that study, hypoxia promoted 

filamentous actin accumulation and enhanced U46619-mediated vasoconstriction in 

neonatal pulmonary arteries via Rho-linked pathways, but thromboxane-induced actin 

polymerization was RhoA-independent (113). To this understanding, we add the 

following conclusions from the present study: (i) Hypoxia down-regulates Rac pathway 

activity, while up-regulating the Cdc42 pathway in contractile PA myocytes; (ii) 

Challenging hypoxic PA myocytes with thromboxane mimetic U46619 activates both the 

Rac and Cdc42 signaling pathways; (iii) Rac and Cdc42 are independent of PI3K activity 

in agonist-naïve and agonist-stimulated hypoxic PA myocytes; (iv) Hypoxia increases 

PAK phosphorylation via Cdc42, but PAK activity is unaltered after thromboxane 

receptor stimulation as U46619 increases association of Cdc42 with N-WASp; (v) In 

normoxic cells, actin polymerization is independent of Rac, but alpha-actin filament 

content is sensitive to inhibition of PAK; (vi) Inhibition either Rac or PAK prevents 

hypoxia-induced actin polymerization; Rac inhibition prevents polymerization of alpha- 

and gamma-actin filaments, while PAK inhibition only prevents polymerization of 
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gamma-actin filaments; (vii) Alpha- and gamma-actin isoforms both contribute to the 

increased filamentous actin seen in hypoxia, but in hypoxic myocytes the primary 

filamentous actin isoform switches from alpha to gamma, in a timeframe correlating with 

the time course of increased agonist-mediated contraction.  

 Monomeric actin (globular or G actin) polymerizes in a head-to-tail fashion to 

form helical thin filaments (504). Most cells maintain a large intracellular G actin pool, 

which allows them to rapidly reorganize their cytoskeleton when subjected to 

environmental stressors; in vascular smooth muscle, 30-40% of total actin is monomeric, 

for spontaneous polymerization into filaments (59). Actin polymerization leads to 

increased force generation and contraction (59, 353, 430). The G actin pool and the 

stability of F actin are controlled by actin-binding proteins that sever filaments to create 

new nucleation sites (387), cap or uncap existing filaments (64), sequestering proteins to 

control the rate of polymerization and depolymerization (503), and realign existing 

filaments to control cell stiffness (293). Small changes in the F/G actin pool in smooth 

muscle cells confer large increases in contraction (539).  

  Mechanistically, the Rho family of p21 small GTP-binding proteins regulates 

actin cytoskeleton dynamics. RhoA, Rac and Cdc42 are well-characterized Rho GTPases, 

functioning as molecular switches and when GTP-bound, interacting with effector 

molecules (438) to induce formation of stress fibers, lamellipodia and filopodia (163). 

RhoA functions involve reorganizing pre-existing actin filaments, while Rac and Cdc42 

promote newly polymerized actin by uncapping or severing existing filaments or 

stimulating de novo actin nucleation (284). PI3K is capable of contributing to Rho 

GTPase activation; however phosphorylation of a common PI3K target appears 
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downregulated in our hypoxic model, and further decreases with U46619 exposure. We 

therefore focused on direct Rho GTPase activation by hypoxia and/or by thromboxane 

agonist. Numerous studies demonstrate cross-talk and a hierarchy among Rho GTPases, 

indicating antagonizing activity between Rac and RhoA (406, 515, 543), but also 

coactivation of Rac and Cdc42 in lamellipodia and membrane ruffles (254, 488). In 

fibroblasts, Cdc42 activates Rac, which in turn activates RhoA (341). A similar Rac-Rho 

and Cdc42-Rac hierarchical pathway occurs in our model. We previously reported 

increased RhoA activity after 72hr hypoxia, but unchanged RhoA activity after a U46619 

challenge (113). In the present study, hypoxia decreases Rac activity, while up-regulating 

Cdc42 activity. Hypoxic myocytes challenged with U46619 increased active Rac, and 

further increased GTP-bound Cdc42.  

A common downstream effector of Rac and Cdc42 is the protein p21-activated 

kinase (PAK), which converges with the RhoA pathway by activating LIMK. 

Phosphorylation of Ser3 on cofilin by LIMK (downstream of both RhoA and Rac1) 

promotes F-actin stability and elongation (428). In order to dissect this complex pathway, 

we used a multiple-inhibitor-based approach. Effects uncovered due to inhibition of 

PAK, but not found upon inhibition of Rac, were taken to represent Cdc42 signaling via 

PAK. We find that hypoxia increases phosphorylation of PAK via Cdc42, but phospho-

PAK is not altered after stimulating the TP receptor with U46619. However N-WASp 

association with Cdc42 is increased by U46619. We conclude that due to divergent 

signaling, U46619 challenge triggers a Cdc42 signal to N-WASp, without initiating PAK 

activation. Cdc42 signaling to WASp has been implicated in both actin polymerization 

and force development following contractile agonist stimulation (461). WASp family 
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proteins activate Arp2/3-mediated F-actin branching, leading to rapid polymerization of 

actin by increasing the number of free barbed ends (253). These proteins are thought to 

primarily promote endocytosis, as N-WASp accelerates actin polymerization near 

invaginating clathrin-coated pits, promoting endosome formation. We speculate that 

newly polymerized actin after thromboxane challenge may also be important for TP 

receptor endocytosis, since we observe increased internalization of the hypoxic TP 

receptor exposed to U46619 (unpublished; manuscript in minor revision).  

 The major actin isoforms differ in their N-terminal sequences: alpha (skeletal, 

cardiac and smooth muscle variants), beta and gamma. Large arteries contain 

approximately 60% alpha smooth muscle actin, 20% beta actin and 20% gamma actin 

(109). Importantly, the only reported histological marker of altered pulmonary arterial 

cytoskeletal architecture during normal postnatal transition is the rapid loss of alpha- and 

gamma actin immunostaining; in PPHN, this does not occur (165). We also report 

increased alpha- and gamma actin abundance in cytoskeletal fractions following in vitro 

hypoxia, and in neonatal PPHN vessels after hypoxia in vivo, compared to normoxic 

controls. We find the further increase in agonist-induced actin polymerization following 

thromboxane challenge of hypoxic myocytes consists largely of filamentous gamma 

actin. Other reports also suggest agonist-induced incorporation of actin into cortical 

filaments of vascular smooth muscle (234) comprises primarily gamma actin (233). 

Alpha actin predominates in tonically-contractile vascular smooth muscle, while gamma 

actin prevails in phasically-contractile gastrointestinal smooth muscle (484); this may 

hold a key to their differing roles in contraction. Gamma actin expression may be 

developmentally regulated; in late pregnancy, gamma actin expression increases in 
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uterine myocytes and may facilitate myometrial contraction (425). That gamma actin 

promotes force development is supported by the observation that overexpression of 

cytoplasmic gamma actin in thin filaments prevents loss of force during eccentric 

contraction of dystrophic skeletal muscle (18). In contractile aortic myocytes, adrenergic 

contraction results in a net polymerization of gamma actin, which contributes toward 

agonist-induced tone without affecting KCl-mediated contraction (233). The importance 

of increased gamma actin for PPHN vasoconstriction has not been clarified. In this study, 

we partly attribute increased agonist-induced contractile force to gamma actin 

polymerization, based on stress fiber isolation from hypoxic myocytes, and on increased 

isometric force of U46619-mediated contraction in presence of jasplakinolide, an agent 

which in our hands proves relatively selective for its stabilization of filamentous gamma 

actin.  

Finally we sought to verify the pathway for signaling to actin isoform 

polymerization following in vitro hypoxia, and in hypoxic PPHN tissues. In agonist-naïve 

myocytes, hypoxia-induced alpha-actin polymerization is Rac-sensitive, while gamma 

actin polymerization demonstrates sensitivity to both Rac and PAK-inhibition. In hypoxic 

PPHN arteries, total alpha actin immunostaining is increased, but there is little change 

with thromboxane challenge; Rho kinase, Rac and PAK inhibitors also have no 

discernible effect. Total gamma actin staining increases in hypoxic pulmonary artery, and 

increases further with agonist challenge; this is sensitive to Rho inhibition, and to PAK 

but not Rac inhibition, implicating Cdc42 signaling. The filamentous to globular actin 

ratio increases significantly in hypoxic PPHN, and increases further after a thromboxane 

challenge; this is most sensitive to inhibition of Rac or PAK (which increase globular 
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actin to normoxic levels). These findings fall in accord with our in vitro data. Regarding 

specificity of inhibitors, direct PAK inhibition decreases phospho-PAK; Rac inhibition 

has a lesser effect on phospho-PAK, as PAK would still receive the uninhibited Cdc42 

signal. When studying the effects of the pathway inhibitors on force development in 

pulmonary arteries, we saw the expected increase in U46619-induced contractile force in 

PPHN vessels compared to age-matched normoxic controls. However both the Rho 

kinase inhibitor and PAK inhibitor have the major off-target effect of calcium 

sensitization, appreciable here as increased myosin light chain phosphorylation resulting 

in increased force – despite significant depolymerization of actin following PAK 

inhibition. 

Actin isoforms segregate into filament classes and have distinct localization 

patterns (136, 345). Both alpha- and gamma actin exist within contractile thin filaments, 

while the cytoskeletal filaments, thought to help maintain cell shape, contain non-muscle 

beta and cytoplasmic gamma-actin isoforms. It is arguable that actin polymerized in 

response to chemical or mechanical signals is located submembranously, and functions to 

transmit force to the sarcolemma (142) by strengthening connections between adhesion 

junctions and actin filaments (539). In this study, we measured filamentous and globular 

actin pools by laser scanning cytomentry, and by isolation of stress fibers. Using the latter 

method we can determine isoform composition of polymerized actin in response to 

hypoxia, and to a thromboxane challenge; however we cannot comment on series versus 

parallel orientation of these actin filaments. Additionally, gamma actin quantified in 

stress fibers cannot be further separated into smooth muscle or non-muscle isoforms 

using 2-D gels. Where filamentous and globular actins are quantified using laser-
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scanning cytometry, the subcellular location of newly polymerized alpha- and gamma 

actin was not determined.  

 We conclude that hypoxic pulmonary artery myocytes exposed to thromboxane 

polymerize actin, owing in large part to Cdc42 pathway activity. Thromboxane challenge 

of hypoxia pulmonary artery induces polymerization of alpha and gamma actin isoforms, 

contributing in part toward thromboxane-mediated vasoconstriction in PPHN. While 

elements of the actin polymerization pathway could theoretically be selectively targeted 

to alleviate the contracture of pulmonary arterial smooth muscle cell architecture in early 

PPHN, screening of potential downstream targets would be advisable in order to avoid 

unintentional calcium sensitization. 
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ABSTRACT 

 Rationale: Persistent Pulmonary Hypertension of the Newborn (PPHN) is a 

disorder characterized by sustained vasospasm and an increased 

thromboxane:prostacyclin ratio in the lung. Thromboxane (TP) receptors signal through 

G"q to mobilize IP3 and Ca
2+

, causing pulmonary arterial constriction. We have 

previously reported increased TP internalization in hypoxic pulmonary arterial (PA) 

myocytes. We examine the mechanisms regulating internalization of the TP receptor, and 

determine if actin plays a role in TP receptor endocytosis. 

 Methods: Serum-deprived PA myocytes were grown in normoxia (NM) or 

hypoxia (HM) for 72 hr. TP localization was visualized in agonist-naïve and -challenged 

NM and HM by immunocytochemistry. Pathways for agonist-induced TP receptor 

internalization were determined by inhibiting caveolin- or clathrin-mediated endocytosis, 

and caveolar fractionation. Roles of actin and tubulin in TP receptor internalization were 

assessed using inhibitors of tubulin, actin-stabilizing or -destabilizing agents. PKA, PKC 

or GRK activation and inhibition were used to determine the kinase responsible for post-

agonist receptor internalization. 

 Results: Agonist-naïve HM had decreased cell surface TP, and greater TP 

internalization after agonist challenge. TP protein did not sort with caveolin-rich 

fractions. Inhibition of clathrin prevented TP internalization. Both actin-stabilizing and -

destabilizing agents prevented TP endocytosis in NM, while normalizing TP 

internalization in HM. Velocity of TP internalization was unaffected by PKA activity, but 

PKC activation normalized TP receptor internalization in HM. GRK inhibition had no 

effect. 
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 Conclusion: We conclude that in hypoxic myocytes, TP is internalized faster and 

to a greater extent than in normoxic controls. Internalization of the agonist-challenged TP 

requires clathrin, dynamic actin and is PKC-dependent. TP receptor trafficking and 

signaling in hypoxia are pivotal to understanding increased vasoconstrictor sensitivity.  

 

KEYWORDS: Pulmonary circulation, thromboxane, receptor internalization, hypoxia, 

prostanoid
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INTRODUCTION 

Persistent pulmonary hypertension of the newborn (PPHN) is characterized by 

increased pulmonary vascular resistance, due in part to narrowing of pulmonary arteries 

(497), muscularization of distal pulmonary arteries and decreased activity of endothelial 

nitric oxide synthase (446). PPHN has an incidence up to 6.8 in 1000 live births (498) 

due to perinatal diseases including sepsis, meconium aspiration or perinatal hypoxia 

(179).  

Eicosanoids and their receptors are known to be key mediators in the 

pathophysiology of PPHN. A decreased prostacyclin (PGI2): thromboxane (TxA2) ratio is 

reported in a hypoxic model of PPHN (120), favoring the smooth muscle vasoconstrictor 

thromboxane. Among eicosanoid receptors, the thromboxane prostanoid receptor (TP) is 

the major regulator of vascular resistance in the pulmonary circuit. Activation of this G 

protein coupled receptor (GPCR) by thromboxane (TxA2) or a mimetic agonist (U46619), 

results in signaling through G"q to generate IP3 (195), mobilization of intracellular Ca
2+

, 

and smooth muscle contraction (208). TP also activates the Rho kinase pathway, 

modulating myosin phosphorylation (130), and is linked to polymerization of actin 

filaments (113), increasing contractile force.  

TP receptor-ligand affinity and receptor internalization is regulated by 

phosphorylation of specific serines and threonines within the receptor’s intracellular 

loops or C-terminal tail (439). Serine/threonine kinases such as protein kinase A (PKA), 

protein kinase C (PKC) and G protein related kinases (GRK) are most commonly 

associated with GPCR desensitization (24, 114). Following phosphorylation of the 

agonist-activated GPCR, receptor desensitization continues through #-arrestin binding 



MANUSCRIPT III: HYPOXIC TP INTERNALIZATION INDEPENDENT OF SENSITIZATION 

! %)+!

(268), which can temporarily shut off the signal by interfering with receptor - G protein 

binding (279), or abrogate the signal entirely via receptor internalization (360). 

Endocytosis of GPCRs can be mediated by clathrin- or caveolin-coated vesicles (60), and 

requires a functional actin cytoskeleton (493). Receptor internalization normally occurs 

following agonist exposure, but it is not exclusive to desensitization (92). After 

internalization, GPCRs can be recycled back to the plasma membrane or sorted for 

lysosomal degradation (32).  

We have previously demonstrated that TP signaling is altered following in vivo 

and in vitro hypoxic treatment of neonatal porcine pulmonary arterial smooth muscle, in a 

well-established model of PPHN (194). Regulatory serine phosphorylation of TP is 

markedly decreased after hypoxic exposure. This results in a hypersensitive and hyper-

reactive TP receptor that heightens Ca
2+

 mobilization from the sarcoplasmic reticulum 

(194), and significantly promotes polymerization of actin (113). Hypersensitivity of 

hypoxic TP receptor reflects its decreased Kd (increased receptor agonist affinity), which 

is normalized by incubation with protein kinase A; TP Bmax (open receptor abundance) 

is not increased by hypoxia (408). In chronically hypoxic pulmonary arterial myocytes, 

cell surface TP abundance markedly decreases (194). In most vascular GPCRs, including 

adrenergic receptors, receptor-mediated activity is upregulated via an increase in Bmax 

(66), while receptor internalization typically functions as a negative feedback mechanism 

(482). TP receptor internalization in hypoxic myocytes may be understood as a regulatory 

negative feedback to hypoxia-induced hypersensitivity; however the mechanism of 

receptor cycling in this context remains to be elucidated. 
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This study examines mechanisms of hypoxic TP receptor internalization by 

examining cell surface and cytosolic receptor abundance, evaluating the involvement of 

clathrin and caveolin in U46619-mediated receptor endocytosis, and the role of actin in 

internalization of the hypoxic TP receptor. We hypothesized that hypoxia increases the 

rate and extent of post-agonist internalization of TP, mediated by clathrin; and that the 

increased internalization of the TP receptor in hypoxia is partly due to an increase in 

polymerized actin in hypoxic pulmonary arterial myocytes.  Finally, we identify the 

serine/threonine kinase (PKA, PKC or GRK) responsible for initiating internalization of 

the ligand-bound TP receptor. Since we have previously shown that activation of PKA 

causes desensitization and downregulation of TP signaling (408), we proposed that 

phosphorylation of TP by protein kinase A would diminish hypoxic TP internalization.  

   

SPECIFIC METHODS 

Cell Culture and in vitro Hypoxia 

 Pulmonary arterial smooth muscle cells (PASMC) were obtained from newborn 

piglets (<24 hr old) using a dispersed cell culture method described previously. Once 

cells reached approximately 75% confluency, PASMC were serum deprived for 2 days in 

F-12 media containing 1% penicillin/streptomycin and 1% insulin-transferrin-selenium to 

synchronize in a contractile phenotype. Serum deprived PASMC were then randomized 

to hypoxia (HM, 10% O2; obtained by N2 washout of a sealed plexiglass chamber) or to 

normoxia (NM, 21% O2 + 5% CO2) for an additional 3 days. Protocol for in vitro 

hypoxic exposure in Figure III.1. 
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Figure III.1  In vitro hypoxia protocol for neonatal porcine PASMC. 

 

Primary porcine pulmonary arterial smooth muscle cells (PASMC) were grown to 75% 

confluence in fetal bovine serum (FBS) before synchronization into a contractile phenotype by 

serum deprivation. Myocytes were placed in normoxic (NM, 21% O2) or hypoxic (HM, 10% O2) 

environment for 72 hr. Immediately prior to collection, myocytes were treated with TP agonist 

U46619 (10
-6

M) or diluent. 
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TP Receptor Localization by Immunofluorescence 

Confluent serum-deprived PASMC in hypoxic and normoxic groups were 

challenged with 1 !M U46619 (TP receptor agonist; Sigma), 10 !M SQ 29548 (TP 

receptor antagonist; Sigma) or diluent for 2 hrs in media. Cells to be analyzed for 

membrane receptor abundance were washed twice with PBS, and then fixed with ice-cold 

methanol (80%) for 15 min at -20°C.  Cells for whole cell receptor abundance were 

rinsed with cold CB buffer (in mM: 10 MES, 150 NaCl, 5 EGTA, 5 MgCl2, 5 glucose), 

fixed with 3% paraformaldehyde (15 min), and then permeabilized with 3% 

paraformaldehyde + 0.3% Triton X-100 (5 min). Non-specific binding was blocked by 

incubation in 1% BSA + Cyto-TBS for 20 min at room temperature. Cells were then 

incubated overnight at 4°C in rabbit anti-TP receptor antibody (1:10; Cayman 

Chemicals), followed by incubation with FITC-conjugated donkey anti-rabbit secondary

(1:25; Jackson ImmunoResearch) for 2 hrs at room temperature.  Coverslips were 

mounted and visualized by CCD fluorescence microscopy. Digital images were captured 

under standardized conditions to quantify total-to-membrane TP receptor localization 

using Image-Pro software. To confirm successful membrane fixation, coverslips were 

stained with Texas Red Phalloidin (1:50; Life Technologies) to show the absence of actin 

filaments by methanol fixation that are visualized by PFA fixation (Supplement Figure 

III.1). 

 

TP Receptor Localization by Membrane and Cytosol Fractionation 

 Contractile PASMC grown in hypoxic or normoxic conditions were incubated 

with 1 !M U46619 or diluent in media for 2 hrs, then lysed in ice-cold RIPA buffer (in 
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Supplemental Figure III.1  Methanol vs. PFA fixation controls. 

 

Normoxic and hypoxic PA myocytes were fixed by two different methods that would measure 

membrane (methanol) or whole cell (paraformaldehyde) protein abundance. Cells were then 

stained with Texas Red phalloidin to show that actin filaments are not visualized by methanol-

fixation, but are visualized by the paraformaldehyde-fixation method. %
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mM: 20 MOPS, 2 EGTA, 5 EDTA, 30 sodium fluoride, 40 beta-glycerophosphate, 10 

sodium pyrophosphate, 2 sodium orthovanadate, 1 phenyl-methyl-sulfonylfluoride 

(PMSF), 3 benzamide, 0.005 pepstatin A, 0.005 leupeptin), sonicated and centrifuged at 

1000g for 5 min to remove the precipitate. Supernatants were collected and spun at 

150,000g for 30 min at 4°C to separate cytosolic (supernatant) from membrane (pellet) 

proteins. Supernatant and membrane fractions were then separated by SDS-PAGE. Blots 

were probed with 1:250 TP receptor rabbit polyclonal antibody in 1% milk-TBST. 

Enhanced chemiluminescence (Amersham) was used to visualize protein bands. Data was 

quantified as the ratio of membrane/cytosol TP receptor protein abundance under non-

saturating conditions, with background subtraction by a digital imaging densitometer. To 

confirm successful membrane fractionation, equi-volume of the cytosolic fraction and 

whole lysate (sample that was not separated into fractions) were run through the same gel 

to verify presence of pan-cadherin (1:1000; Cell Signaling) in the whole sample that was 

no longer seen in the cytosolic fraction and only present in the membrane fraction 

(Supplement Figure III.2). 

 

Cell Surface Expression of TP Receptor by Flow Cytometry 

 TP receptor localization and method of TP receptor internalization were also 

measured by BD FACSCanto flow cytometer. Normoxic and hypoxic PASMC were 

treated as above, either challenged with or without 1 µM U46619 for 2 hrs or 

concurrently pretreated for 3 days with 1 µM chlorpromazine or 1 µM cyclodextrin prior 

to challenge with 1 µM U46619 for 30 min. Cells were lifted with 0.05% trypsin + 

EDTA (Life Technologies), collected by centrifugation at 1,500 rpm for 4 min and 1 x 
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Supplemental Figure III.2  Membrane fractionation controls. 

Separation of protein lysates by SDS-PAGE and probing with pan-cadherin was used to show 

the difference between membranous and cytosolic fractions.  Normoxic and hypoxic PA 

myocytes were harvested and membrane fraction was obtained by ultracentrifugation at 

150,000g.  Equi-volume of fractions and whole cell lysate were separated by Western blot to 

verify presence of pan-cadherin in the whole cell lysate that was no longer visible in the 

cytosolic fraction, but only present in the membrane fraction. 
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5
 viable cells were resuspended in PBS. Cells were incubated for 1hr on ice with 

TBXA2R (thromboxane A2 receptor) antibody (1:100; LifeSpan BioSciences) that 

targets the N termini of the human TP receptor, followed by incubation with Alexa Fluor 

488 (1:500; Invitrogen) for 1hr at 4°C. Cells were washed and then resuspended in 200 

µL PBS. Fluorescent signals were measured by single-color analysis: forward scatter 159 

volts, side scatter 323 volts and Alexa Fluor 488 at 309 volts. Results were analyzed with 

FACSDiva and FlowJo software. Cell surface TP receptor was calculated in mean 

fluorescence intensity (MFI) and represented as percent of normoxic control (agonist-

naïve) TP expression, set at 100%. Nonspecific signal due to background was deducted 

from individual experiment samples. 

 

Method of TP Receptor Internalization by Immunofluorescence 

Normoxic and hypoxic PASMC were concurrently pretreated for 3 days with 1 

!M chlorpromazine (Sigma) or 1 !M cyclodextrin (Sigma), to inhibit clathrin-mediated 

and caveolae-mediated endocytosis respectively. Cells were then stimulated for 30 min 

with 1 !M U46619 or diluent. Coverslips were washed with PBS, and fixed with ice-cold 

80% methanol for 15 min at -20°C. Digital images were captured under standardized 

conditions to visualize TP receptor membrane abundance. 

 

TP Receptor Internalization by Caveolar Fractionation 

 Normoxic and hypoxic PASMC were homogenized in 500 mM sodium carbonate 

+ 1 mM PMSF.  Sucrose solutions were prepared in MES Buffered Saline (in mM: 25 

MES, 150 NaCl, pH 6.5).  Following sonication, samples were diluted to a final sucrose 
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concentration of 45%, placed in an ultracentrifugation tube (Beckman), then layered with 

35% and 5% sucrose solutions. This sucrose gradient was spun at 200,000g for 16 hrs at 

4°C with the caveolar fraction resolving at the 35%-5% sucrose interface. Starting from 

the top of the gradient, 1 mL fractions were collected and separated by SDS-PAGE; blots 

were incubated with anti-rabbit TP receptor antibody (1:250) or anti-mouse caveolin 1 

antibody (1:1000; BD Biosciences). Protein bands were visualized by enhanced 

chemiluminescence, and quantified by a digital imaging densitometer as above. 

 

TP Receptor Endocytosis by ELISA   

 PASMC were grown in 96-well culture plates, serum-deprived to synthesize in 

contractile phenotype, and then exposed to hypoxia or normoxia. Cells were then 

pretreated with colchicine (disrupts tubulin; 10µg/mL; Enzo Life Sciences), 

jasplakinolide (stabilizes filamentous actin; 10µmol/L; Calbiochem), latrunculin B (binds 

actin monomers; 1µmol/L; Cedarlane), cytochalasin D (caps actin filaments; 0.5µmol/L; 

Sigma) or diluent for 30 min. To study the roles of various protein kinases in TP receptor 

endocytosis, myocytes were incubated for 1 hr with 1µmol/L H8 (inhibits protein kinase 

A; Biomol), 10µmol/L forskolin (indirectly activates PKA; Sigma), 10µmol/L 

bisindolylmaleimide I (inhibits PKC; Calbiochem), 1µmol/L phorbol 12-myristate 13-

acetate (PMA, a PKC activator; Santa Cruz), or 1µmol/L heparin (nonselective G-

protein-related kinase inhibitor; Sigma) mixed with 5µg/mL lipofectamine 200 

(Invitrogen) to facilitate its entry into the cells. After pretreatment, cells were incubated 

with 1 !M U46619 in media for 0, 5, 10, 15, 30 or 45 min. Cells were then washed with 

PBS, and fixed with 3.7% formaldehyde containing TBS (20 mM Tris, 150 mM NaCl; 
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pH 7.6) for 15 min at room temperature. Non-specific antibody binding was blocked by 

pre-incubation with 1% BSA in TBS for 1 hr at room temperature. Cells were then 

incubated overnight at 4°C with TP receptor rabbit polyclonal antibody (1:250), then 

washed 3 times with TBS buffer, and incubated for 2 hrs with alkaline phosphatase-

conjugated goat anti-rabbit antibody (1:4000; Bio-Rad). PASMC were washed again with 

TBS buffer before an alkaline phosphatase substrate (Bio-Rad) was added to the wells, 

according to the manufacturer’s instructions. The colorimetric substrate was measured at 

405nm using a PowerWave X spectrophotometer. Primary antibody was omitted from 

some wells to determine background values. 

 

Statistical Analysis 

 Two-way ANOVA followed by post-hoc Bonferroni correction for multiple 

comparisons was performed on grouped samples. All data are presented as mean±SE; 

p<0.05 was deemed significant. 

 

RESULTS 

 TP Localization. Localization of the TP receptor after exposure to hypoxia and 

challenge with agonist U46619 was evaluated using TP-specific fluorescence imaging, 

and also by membrane/cytosol fractionation after 2 hr incubation with U46619. Hypoxia 

markedly decreased cell surface TP receptor abundance (TP staining in unpermeabilized 

PASMC, Figure III.2 A) and increased intracellular TP (TP staining in PFA-

permeabilized PASMC, Figure III.2 B) compared to normoxic controls. Hypoxia also 

decreased TP abundance in membrane fractions, relative to normoxic controls (Figure 
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III.2 D).  U46619 stimulation further decreased membrane fluorescence of TP in hypoxic 

cells (Figure III.2 A and C). Stimulating normoxic and hypoxic TP receptor with 10
-6

M 

U46619 increased its intracellular appearance under both normoxic and hypoxic 

conditions (Figure III.2 B) and decreased its membrane fraction abundance relative to 

agonist-naïve controls (Figure III.2 D). Blocking TP activity with antagonist SQ29548 

(10
-5

M) prevented internalization of the receptor.  

  

 Internalization of TP. Mechanisms of TP receptor internalization were examined 

in PASMC using inhibitors of endocytosis: chlorpromazine, inhibiting clathrin-mediated 

endocytosis; and methyl-"-cyclodextrin, inhibiting caveolae-mediated endocytosis. Cells 

were fixed with methanol to visualize cell surface receptor abundance. Chlorpromazine 

pretreatment inhibited TP receptor internalization (Figure III.3). Normoxic PASMC 

treated with chlorpromazine had greater cell surface TP staining after U46619 challenge. 

Agonist-naïve hypoxic PASMC treated with chlorpromazine had much greater cell 

surface TP staining compared to untreated agonist-naive hypoxic cells. Furthermore, 

inhibition of clathrin-mediated endocytosis prevented hypoxic TP internalization after 

U46619 exposure. In contrast, pretreatment with methyl-"-cyclodextrin had no effect on 

agonist-naive hypoxic TP internalization, or on post-agonist internalization in normoxic 

and hypoxic cells. 

To confirm the relationship of TP internalization with caveolae, we fractionated 

caveolae using a sucrose gradient. TP receptor did not co-localize with caveolin-rich 

fractions in normoxic or hypoxic myocytes (Figure III.4). 
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Figure III.2  Effects of hypoxia and agonist challenge on TP localization in PA myocytes. 

Normoxic and hypoxic PA myocytes were stimulated with 10
-6

M U46619 (TP agonist), 10
-5

M 

SQ29548 (TP antagonist) or diluent for 2 hr, then methanol-fixed (A) or paraformaldehyde-fixed 

(B) to visualize cell surface or whole cell TP receptor abundance respectively. (C) Intensity of 

TP receptor staining was quantified by epifluorescence microscopy. TP localization also 

determined by (D) subcellular fractionation of lysates, followed by Western blot to measure 

membrane TP as fraction of total TP, and by (E) flow cytometry to measure loss of cell surface 

receptor expression (**p<0.01 versus NM control, !p<0.05 and !!!p<0.001 versus U46619-

naive controls; N=3 independent experiments). 
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Figure III.3  Mechanism of TP receptor endocytosis. 

 

Serum-deprived normoxic and hypoxic PA myocytes were treated for 72 hours with 10
-6

M 

chlorpromazine (inhibiting clathrin-mediated endocytosis), 10
-6

M methyl-"-cyclodextrin 

(inhibiting caveolin-mediated endocytosis) or diluent, prior to 30 min stimulation with 10
-6

M 

U46619 or buffer. Cells were (A) methanol-fixed to visualize cell surface TP abundance 

(representative images from 3 independent experiments), and subjected to (B) flow cytometry to 

measure loss of cell surface TP receptor expression (**p<0.01 versus NM control, •p<0.05 

versus U46619-naïve controls, #p<0.05 and ##p<0.01 versus untreated control; N=3 independent 

experiments). 
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Figure III.4  Localization of thromboxane receptor in membrane fractions. 

Normoxic and hypoxic PA myocytes lysed in 500mM sodium carbonate buffer with 1mM 

PMSF were placed in a 45% sucrose solution, then layered under 35% and 5% sucrose solutions. 

The sucrose gradient was centrifuged at 200,000xg for 16 hrs at 4°C for resolution of the 

caveolar fraction in the 35-5% sucrose interface. 1mL fractions were collected, separated by 

SDS-PAGE, then blotted for TP receptor and caveolin 1 (Western blots are representative of 

fractions collected from 3 independent experiments). 
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 Actin cytoskeleton in TP endocytosis. To determine the role of actin in TP 

internalization, PASMC were pretreated with actin-stabilizing agent jasplakinolide, actin-

destabilizing agents latrunculin B or cytochalasin D, or microtubule inhibitor colchicine. 

Jasplakinolide binds to and stabilizes filamentous actin, promoting actin polymerization 

(40). Polymerization of actin filaments is prevented by latrunculin, which forms 1:1 

complexes with actin monomers, and by cytochalasin that binds to the barbed or fast-

growing end of the actin filament (494). Colchicine binds specifically to tubulin 

monomers to inhibit microtubule polymerization (347). The detailed time course of 

U46619-induced endocytosis of normoxic and hypoxic TP is illustrated in Figure III.5 

A, with emphasis at an early (5 min; Figure III.5 B) and late (30 min; Figure III.5 C) 

time point. In hypoxic PASMC, TP is internalized faster and to a greater extent after 

agonist challenge than in normoxic controls. Both actin-stabilizing and -destabilizing 

agents prevented TP receptor endocytosis in normoxic cells. In hypoxic myocytes, 

jasplakinolide and latrunculin slowed TP internalization to match normoxic controls. 

Cytochalasin abrogated TP internalization in normoxic and hypoxic myocytes. Treatment 

with colchicine had no effect on TP endocytosis in normoxia or hypoxia. 

  

 Kinase involved in TP receptor endocytosis. To determine which kinase (PKA, 

PKC or GRK) is responsible for the phosphorylation step that initiates internalization of 

the ligand-bound TP receptor, normoxic and hypoxic PASMC were pretreated with 

kinase activators or inhibitors prior to agonist challenge and analysis of TP 

internalization. A detailed time course of U46619-induced TP endocytosis with kinase 

activators and inhibitors is illustrated in part A of Figures III.6, III.7 and III.8, with  
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Figure III.5  Role of actin in thromboxane receptor endocytosis. 

 

Hypoxic and normoxic contractile phenotype PA myocytes were pre-treated for 30 min with 

actin-stabilizing (10$M jasplakinolide) or –destabilizing agents (1$M latrunculin B or 0.5$M 

cytochalasin D), microtubule inhibitor (10$g/mL colchicine), or diluent. Cells were then 

challenged with 10
-6

M U46619 in media for 0, 5, 10, 15, 30, or 45 min prior to fixation with 

3.7% formaldehyde and immunostaining for cell surface TP receptor. (A) Time course of post-

agonist normoxic and hypoxic TP receptor internalization, in presence or absence of actin or 

tubulin modifiers; (B) 5 min and (C) 30 min time points post-agonist stimulation (!!!p<0.001 

versus NM control, **p<0.01 and ***p<0.001 versus untreated controls; N=3 independent 

experiments). 
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special attention to the 5 min (B) and 30 min (C) post-U46619 exposure times.  Inhibition 

of PKA with H8 decreased internalization of the TP receptor in normoxic cells, but did 

not alter the velocity of TP internalization in hypoxic cells (Figure III.6). Pretreatment 

with forskolin, which stimulates PKA activity by activating adenylyl cyclase, did not 

affect the velocity of TP internalization in normoxic and hypoxic myocytes.  Inhibition of 

PKC with bisindolylmaleimide I (BIS), did not alter the rate or extent of TP receptor 

internalization in normoxic or hypoxic cells (Figure III.7). Activating PKC activity in 

hypoxic myocytes with phorbol 12-myristate 13-acetate (PMA) normalized TP receptor 

endocytosis, while having no effect on TP internalization in normoxic cells.  

 Normoxic and hypoxic PASMC were pretreated with heparin and lipofectamine 

(to facilitate heparin entry into the cell) to non-specifically inhibit G protein-related 

kinases. Inhibition of GRK had no effect on the velocity of TP internalization in 

normoxic and hypoxic cells (Figure III.8). 

 

DISCUSSION 

The TP receptor is a G-protein coupled receptor that, when activated by agonist, 

signals primarily via G!q to generate IP3 and release endoplasmic calcium (208), causing 

smooth muscle contraction. Thromboxane is known to play an etiologic role in 

pulmonary hypertension. Hypoxia increases the thromboxane: prostacyclin ratio (120); 

blocking the thromboxane receptor reduces hypoxia-induced pulmonary hypertension 

(121). We previously reported that in vivo hypoxia promotes TP expression in distal 

pulmonary arteries (194) and increases thromboxane-mediated vasoconstriction in vivo 

and in vitro (195), but paradoxically decreases myocyte surface expression of TP (194). 
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Figure III.6  Role of PKA in thromboxane receptor endocytosis. 

 

Hypoxic and normoxic PA myocytes were pretreated for 1 hr with or without 10
-5

M forskolin 

(adenylyl cyclase activator) or 10
-6

M H8 (protein kinase A inhibitor). Cells were then challenged 

with 10
-6

M U46619 in media for 0, 5, 10, 15, 30 or 45 min prior to fixation with 3.7% 

formaldehyde and stained for cell surface TP receptor. (A) Overall time course of normoxic and 

hypoxic post-agonist TP internalization in presence of PKA activator or inhibitor; (B) 5 min and 

(C) 30 min time points post-agonist stimulation (!!!p<0.001 versus NM control, **p<0.01 and 

***p<0.001 versus untreated controls; N=3 independent experiments). 
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Figure III.7  Role of PKC in thromboxane receptor endocytosis. 

 

Hypoxic and normoxic PA myocytes were pretreated for 1 hr with or without 1$M PMA 

(phorbol 12-myristate-13-acetate; protein kinase C activator) or 10
-5

M Bisindolylmaleimide 

(BIS; PKC inhibitor). Cells were then challenged with 10
-6

M U46619 in media for 0, 5, 10, 15, 

30 or 45 min prior to fixation with 3.7% formaldehyde and immunostaining for cell surface TP 

receptor. (A) Time course of normoxic and hypoxic post-agonist TP internalization in presence 

of PKC activator or inhibitor; (B) 5 min and (C) 30 min time points post-agonist stimulation 

(!!!p<0.001 versus NM control, *p<0.05 and **p<0.01 versus untreated controls; N=3 

independent experiments). 
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Figure III.8  Role of GRKs in thromboxane receptor endocytosis 

 

Hypoxic and normoxic PA myocytes were pretreated for 1 hr with or without 1$M heparin (non-

selective G-protein-related kinase inhibitor) containing 5$g/mL lipofectamine for 

permeabilization. After pretreatment, cells challenged with 10
-6

M U46619 in media for 0, 5, 10, 

15, 30 or 45 min prior to fixation with 3.7% formaldehyde. (A) Time course of normoxic and 

hypoxic post-agonist TP internalization in presence or absence of GRK inhibitor; (B) 5 min and 

(C) 30 min time points post-agonist stimulation (!!!p<0.001 versus with NM control; N=3 

independent experiments). 
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We hypothesized that diminished cell surface TP in hypoxic PASMC represented post-

agonist receptor phosphorylation and internalization, rather than receptor desensitization. 

The present study examines mechanisms of thromboxane receptor endocytosis in hypoxic 

and normoxic porcine pulmonary arterial smooth muscle cells, the role of actin in TP 

internalization, and the protein kinase(s) responsible for initiating internalization of the 

ligand-bound TP receptor. We conclude that: (i) TP localization is altered by hypoxia and 

by agonist stimulation, such that agonist-naïve hypoxic PA myocytes have decreased cell 

surface TP receptor compared with normoxic controls, and TP membrane abundance is 

further decreased post-U46619 challenge; (ii) Internalization of the TP receptor is faster 

in hypoxic myocytes than in normoxic controls; (iii) TP endocytosis following hypoxia or 

agonist challenge is mediated via clathrin, and not caveolin; (iv) TP internalization in 

normoxic myocytes requires dynamic actin; while actin contributes to post-agonist TP 

internalization in hypoxic PA myocytes, the increased internalization of agonist-

challenged hypoxic TP is not actin-dependent; (v) Microtubule polymerization is not 

required for TP internalization; (vi) Activity of PKC (but not PKA or GRK) normalizes 

the velocity of TP internalization in hypoxic myocytes. 

The human TP receptor has two isoforms which arise by alternate splicing of 

transcripts derived from a single gene (196) with 328 residues in common but differing 

C-terminal sequences, and different methods of internalization (359). TP! expression 

predominates in arterial smooth muscle as in other tissues (309). Agonist challenge 

increases phosphorylation of both ! and " isoforms in a dose- and time-dependent 

fashion (159, 160), but the nature of agonist-mediated TP phosphorylation may differ 

between isoforms. TP" undergoes agonist-induced desensitization by action of PKC, but 
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GRK-mediated phosphorylation and arrestin association facilitates post-agonist TP" 

internalization (229). That post-agonist internalization of TP" requires GRK activity and 

is dynamin- and arrestin-dependent, implicates clathrin-coated pits in this mechanism 

(360). G"q-coupled receptor internalization is typically induced by G"q signaling; 

however internalization of TP" is PLC"- and PKC-independent (395). In contrast, TP! is 

not amenable to phosphorylation by GRKs (542), but is a target for nitric oxide-PKG-

mediated desensitization (384). TP! is reported phosphorylated at serine 331 by PKC, 

leading to desensitization of its ligand interaction; but agonist-induced internalization of 

TP! is not reported (524). The triggers for TP! internalization have been unclear; agonist 

binding increases internalization of TP" but not clearly that of the ! isoform (360). The 

C-terminus of porcine TP is structurally similar to TP!. In a porcine model, we reported 

sensitization of TP-agonist interactions in pulmonary arterial hypoxia due to the loss of 

PKA activity under hypoxic conditions (408). We therefore surmised that post-agonist 

phosphorylation of porcine TP may also involve PKA; however our data indicate agonist-

induced TP internalization is sensitive to PKC, but to neither PKA nor GRK. PKC is 

known to phosphorylate TP! following activation of EP or FP prostanoid receptors, 

resulting in cross-desensitization (228). It has not previously been implicated in post-

agonist TP! receptor internalization. Among prostanoid receptors, internalization 

triggering mechanisms differ; some require PKC while others do not. Internalization and 

sequestration of the human prostacyclin receptor is GRK- and PKC-independent, but 

clathrin dependent (431). Internalization of the PGF2! receptor isoform FAa involves 

PKC and clathrin, while FAb undergoes constitutive, agonist-independent internalization 

without PKC or clathrin (442), and PGD2 receptors are internalized after PKC activation 



MANUSCRIPT III: HYPOXIC TP INTERNALIZATION INDEPENDENT OF SENSITIZATION 

! %+-!

(137). We propose that post-agonist TP receptor phosphorylation leading to clathrin-

mediated internalization is a different process from TP receptor phosphorylation leading 

to desensitization. Indeed, that TP internalization is PKA-insensitive suggests the 

presence of separate phosphorylation sites regulating receptor-ligand sensitivity and post-

ligand receptor internalization. The serine residue phosphorylated by PKA is unlikely to 

be the serine residue required to initiate TP internalization.  

Loss of cell surface TP in agonist-naïve hypoxic myocytes does not necessarily 

represent a receptor desensitization response to circulating agonist, as second messenger 

IP3 is elevated in resting as well as agonist-challenged hypoxic myocytes (408). While 

many conventional GPCRs are desensitized by internalization without the need for C-

terminal phosphorylation, prostanoid receptor desensitization is not linked to 

internalization. The IP receptor is rapidly desensitized by PKC after agonist challenge; 

however, the long-term desensitization response is unchecked by inhibiting IP 

endocytosis. IP internalization is not required for desensitization but appears to be 

important for receptor resensitization, probably via accelerated receptor recycling (338). 

Desensitization requires concurrent downregulation of the receptor and its cognate G-

protein; newly synthesized receptors and G-proteins are trafficked to the cell membrane 

during resensitization (321). Since hypoxia causes increased TP internalization but also 

increased TP reactivity, a similar resensitization mechanism may apply here. We also 

surmise that loss of surface receptor in hypoxic myocytes may be due to increased 

receptor-agonist association, reflecting increased endogenous generation of TP agonists. 

Pulmonary arterial prostacyclin synthase, cyclooxygenase (COX)-1 and COX-2 

expression and activity are altered by hypoxia (120). We reported that pulmonary arterial 
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hypoxia does not alter smooth muscle thromboxane production; it does increase TP 

activation by COX-independent arachidonic acid metabolite 8-isoprostane, generated in 

conditioned media by reactive oxygen species (150). Autocrine production of COX-

dependent or -independent TP agonists in hypoxic conditions would result in increased 

occupancy of the TP receptor active site and consequent receptor internalization. The 

observed internalization of TP in hypoxic cells is the result of receptor-agonist 

interaction, as intracellular relocation of hypoxic TP is prevented by the TP antagonist 

SQ29548. TP internalization may also be independently influenced by altered redox 

states such as hypoxia. Oxidation of the TP receptor has been shown to increase agonist 

binding (89), and oxidative stress has been shown to stabilize the TP receptor (513). 

GPCR endocytosis is required to control signal propagation and termination, as 

well as receptor desensitization (288). Clathrin-mediated endocytosis is a complex 

process requiring adaptor proteins and regulatory proteins to coordinate the assembly and 

invaginations of the clathrin-coated pits, which are released from the plasma membrane 

by the GTPase dynamin (516). Arrestins recognize activated and phosphorylated GPCRs, 

and bind to clathrin and AP-2 to facilitate receptor internalization (288). The role of "-

arrestin has been well characterized in clathrin-mediated endocytosis of TP" (229, 230, 

360). This is the first confirmation of clathrin involvement in endocytosis of a short-tailed 

TP isoform. This finding in porcine TP bears importance for its relevance to TP!. 

Actin and tubulin were studied as these filamentous and dynamic structural 

proteins are important in intracellular trafficking of signaling molecules, as well as 

movement of organelles (343). Parent et al reported that both de-polymerizing and 

stabilizing the actin cytoskeleton blocked agonist-induced endocytosis of TP" (260). 
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They concluded that a dynamic actin cytoskeleton is required for agonist-mediated 

receptor endocytosis, but actin-independent pathways may be operative for arrestin-3 

mediated endocytosis (260). We previously reported an increase in polymerized actin 

following hypoxic exposure of pulmonary arterial myocytes, and actin polymerization 

further increased after U46619 challenge (113). In this study, we illustrate that both 

stabilization and de-stabilization of the actin cytoskeleton prevents internalization of 

agonist-challenged normoxic TP receptor, indicating actin-mediated receptor trafficking. 

Treatment of hypoxic PA myocytes with jasplakinolide or latrunculin B normalized the 

velocity of post-agonist TP internalization, but did not stop it, suggesting additional 

mechanisms may be involved in hypoxic TP receptor endocytosis.  

Receptor internalization is part of the receptor cycling process. After GPCRs are 

internalized, they can either be recycled to the cell surface in a resensitized state to signal 

again, or be trafficked to lysosomes for degradation and termination of the receptor signal 

(516). In this study we measured cell surface receptor loss (in subcellular fractions, and 

as a ratio to total receptor expression). We have previously published that total TP protein 

abundance is unaltered after 3 days of hypoxia (195). While whole cell receptor 

expression did not change during the time periods examined in this study, we did not 

examine the recycling of TP receptor back to the plasma membrane. Hypoxic myocytes 

internalize TP receptor more rapidly and to a greater degree than do normoxic controls, 

but the TP downstream signal is much greater. It is therefore possible that TP may be 

preferentially cycling back to the cell membrane rather than being degraded; or the TP 

receptor may continue to signal from the endosome, resulting in persistent hyper-
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responsiveness in hypoxia. The relationship between TP receptor desensitization and 

internalization will require further study. 

Mechanisms regulating altered receptor trafficking and signaling in hypoxia are 

pivotal to understanding increased vasoconstrictor sensitivity. Internalization of the 

agonist-bound porcine TP receptor is actin-mediated, and requires phosphorylation by 

PKC and involvement of clathrin pits. The rapid internalization of TP in hypoxic 

pulmonary artery myocytes may reflect increased availability of agonist, receptor 

occupancy and activation of PKC. These changes are independent of PKA-mediated 

phosphorylation regulating TP agonist sensitivity. 
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IX. SUMMARY OF DISCUSSION 

 PPHN is a rapidly progressive and potentially fatal vasculopathy, stemming from 

a developmentally crucial moment in normal perinatal circulatory transition. To date, it is 

known that during normal circulatory transition, the pulmonary arterial smooth muscle 

cells increase in length and surface-to-volume ratio as they spread within the vessel wall 

to increase lumen diameter and lower pulmonary vascular resistance (179). PPHN 

prevents this postnatal burst of SMC replication and the transient reduction in actin 

content, particularly a decrease in filamentous "- and $-actin (165). Smooth muscle actin 

depolymerization is a key element of normal neonatal circulatory transition, and this is 

known to be impaired in hypoxic pulmonary hypertension (113). Thus, a functional role 

for actin polymerization in PPHN is implied, but the role for the increase in filamentous 

$-actin has not been determined.  

 Effects of hypoxia and TP-challenge on APM and Contraction. We found that 

pulmonary arterial smooth muscle cells exposed to 72 hours of hypoxia (10% oxygen) 

induced a 2-fold increase in polymerized actin. This increase in polymerized actin was 

due to an increase in filamentous "- and $-actin. Normoxic and hypoxic PA myocytes 

challenged with U46619 polymerized all three actin isoforms. However, normoxic 

myocytes predominantly polymerize "-actin after challenge, while in hypoxic myocytes 

challenged with U46619 the largest component of filamentous actin was $-actin. 

 Force generation was measured in resistance pulmonary arteries (300-500 µm) 

obtained from 3-day-old control and hypoxic (PPHN) piglets, by isometric wire 

myography. Contractile force to KCl was comparable in pulmonary arteries from PPHN 

animals vs. controls. PPHN pulmonary arteries exhibited markedly augmented contractile 
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force to U46619 at all doses. This increase in contractile force was reflected by the 

increase in filamentous $-actin. Thus, hypoxia-induced APM contributed to increase 

U46619-induced contraction.  

 Cell toxins were used to modifying the degree of polymerized actin to determine 

actin isoform specificity and its relation to contraction. Jasplakinolide (actin-stabilizing 

agent) induced polymerization of all three actin isoforms, but had a significant effect on 

$-actin. In contrast, cytochalasin D (actin-destabilizing agent) depolymerized all actin 

isoforms equally. U46619-induced force decreased step-wise to increasing doses of 

cytochalasin D in resistant pulmonary arteries. Jasplakinolide had opposite effects in 

tissue. Addition of the actin-stabilizing agent in increasing doses elevated U46619-

induced contractile force. The effects of jasplakinolide and cytochalasin D were both 

promptly reversible upon washout and subsequent KCl and U46619 challenge. Thus, 

emphasizing the dynamic nature of actin filaments and their importance in force 

generation. 

 When examining the effects of pathway inhibitors on force development we 

observed that inhibition of Rho kinase decreased contractile force to U46619 in day 3 

control and PPHN pulmonary arteries. Inhibiting Rac had no effect on U46619-induced 

force development, while PAK inhibition augmented contractile force to U46619 in 

pulmonary arteries from PPHN animals. Despite depolymerization of actin following 

PAK and Rho kinase inhibition, the inhibitors IPA-3 and Y27632 had major off-target 

effects on calcium sensitization, as observed by the respective increase and decrease in 

myosin light chain phosphorylation. 
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 Signaling pathways regulating hypoxia and TP-induced APM. Pulmonary arterial 

smooth muscle cells exhibit marked RhoA-dependent APM in hypoxia. This resulted in 

an increase in stress fibers, reflected by the increase in filamentous "- and $-actin. Basal 

RhoA and Cdc42 activity increased in hypoxia, while Rac1 activity decreased. Hypoxia 

increased phosphorylation of the downstream intermediates PAK, LIMK and cofilin. 

Association of Cdc42 with N-WASp decreased in hypoxia. Inhibition of RhoA, Rac1 and 

PAK all decreased the amount of filamentous actin in hypoxic PA myocytes. The 

additional increase in F-actin in response to U46619-challenge is independent of RhoA, 

reflected by the decreased association of the TP receptor with G12 and G13 subunits, in 

favor of the G"q. Thromboxane-induced APM involves Cdc42 signaling in hypoxic cells 

and tissue. U46619-challenge did not further alter RhoA activity in hypoxic cells, but 

increased the amount of GTP-bound Cdc42 and Rac1 protein content. In addition, Cdc42 

associated more with N-WASp, resulting in the formation of actin networks, while the 

phosphorylation levels of PAK and LIMK did not change in hypoxic myocytes exposed 

to U46619. Inhibition of RhoA did not prevent U46619-induced APM in hypoxic PA 

myocytes, but Rac1 and PAK inhibition did prevent this observed increase in 

polymerized actin. 

 PI3K activity was found to be down-regulated in hypoxia, and then further down-

regulated after exposure to U46619 in normoxic and hypoxic PA myocytes. Thus, the 

activities of RhoA, Rac1 and Cdc42 are not regulated by PI3K in agonist-naïve and 

agonist-stimulated PA myocytes. 

 Role of actin in TP receptor internalization. With the previous findings of 

increased polymerized actin following TP agonist-challenge, we believed that this newly 
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formed F-actin might facilitate TP receptor internalization and downstream signaling. We 

found that cell surface TP receptor decreased in hypoxic PA myocytes, as intracellular TP 

receptor abundance increased. U46619-challenge further decreased cell surface TP 

receptor expression. Addition of SQ29548 (TP receptor antagonist) prevented loss of cell 

surface TP receptor abundance in both normoxic and hypoxic myocytes.  The normoxic 

and hypoxic TP receptor does not localize with caveolin rich fractions, but is internalized 

by clathrin-mediated endocytosis. Overall, hypoxia increased the rate and extent of 

U46619-challenged TP receptor internalization. Both actin-stabilizing (jasplakinolide) 

and -destabilizing (latrunculin B and cytochalasin D) agents prevented TP receptor 

endocytosis in normoxic cells. In hypoxic myocytes, jasplakinolide and latrunculin B 

slowed TP receptor internalization to match normoxic controls while; cytochalasin D 

completely prevented TP receptor internalization in hypoxic myocytes. Pretreatment with 

colchicine to destabilize microtubules had no effect on TP receptor endocytosis in 

normoxic and hypoxic PA cells. Thus, the increased internalization of the TP receptor in 

hypoxia is due in part to the increase in polymerized actin observed in hypoxic PA 

myocytes. 

 We next studied kinases that are known to be involved in GPCR endocytosis. 

GRK inhibition had no effect on cell surface TP receptor loss in normoxic and hypoxic 

PA myocytes. Activating PKA, which was previously determined to desensitize the 

hypoxic TP receptor, did not alter the velocity of agonist-induced TP receptor 

internalization in normoxic and hypoxic PA myocytes. In contrast, activating PKC 

normalized the velocity of TP receptor internalization in hypoxic PA myocytes. Thus, 

hypoxic TP receptor internalization is independent of receptor sensitization.  
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LIMITATIONS 

 TP receptor. The human TP receptor has two isoforms, TP" and TP#, which arise 

by alternate splicing of a single gene and differ in their C-terminal tail. Both isoforms 

have identical affinities for ligand and are expressed in most cells. However, their C-

terminal tail determines G protein coupling specificity, which results in altered 

downstream signaling pathways and regulation. The C-terminal of porcine TP is 

structurally similar to human TP", which may cause the observed differences in results.  

 Cytoskeletal plasticity. Using laser scanning cytometry, we localized APM to a 

radius peripheral to each nucleus. This method cannot differentiate cortical from 

submembranous actin. In addition, this method does not allow us to hypothesize as to the 

series or parallel nature of filament assembly under hypoxic conditions. Both of these 

distinctions may prove to be very important when ascribing a functional role for hypoxia-

induced APM, as well as TP-induced APM. 

 !-Actin. Recently, $-actin filaments have been found in the cytoplasm and as thin 

filaments in the contractile apparatus. The stress fiber isolation technique used in these 

studies cannot differentiate cytoplasmic $-actin from its muscle form. This distinction 

would be very valuable in determining the subcellular location, as well as the functional 

role for the increase in filamentous $-actin during hypoxia and after U46619-challenge. 

 Cell vs. tissue. Cells grown in a culture dish do not resemble a physiological 

environment. They are usually grown as a monotypic culture, thereby these cells are not 

interacting with other cell types nor are they exposed to ECM components like collagen, 

elastin, laminin, fibronectin and proteoglycans. Thus, cells in culture may respond 
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differently than a segment of tissue from which the cells were originally derived. This 

phenomenon was observed when comparing primary pulmonary arterial smooth muscle 

cells in culture versus the same cells in situ. 

 

X.   FUTURE DIRECTIONS 

 !-Actin as a marker for PPHN. With the discovery of $-actin having a functional 

role in PPHN, we can use this knowledge to determine the reversibility of $-actin in 

context of the disease. Systematically measuring tissue $-actin in post-mortem PPHN 

animals or in deceased PPHN patients, one could use it as an indicator of the severity of 

arterial remodeling. Studying the reversibility of $-actin accumulation, such as how long 

it takes to normalize the actin cytoskeletal composition after restoring to normoxia, 

would be beneficial for understanding whether this cytoskeletal remodeling can be used 

to improve the treatment of PPHN.   

 Overexpression of actin isoforms. With the knowledge of an increase in 

filamentous $-actin in PPHN, we are still uncertain of the subcellular location where this 

newly formed polymerized actin is forming in response to hypoxia and TP-challenge. 

Cells could be overexpressed with GFP-tagged actin isoforms to determine the specific 

location of hypoxia and TP-induced actin polymerization, as well as the series to parallel 

or network formation of this new filamentous actin. In conjunction with this, actin-

binding proteins can also be examined to further evaluate the nature of these newly 

formed actin structures. 

 RhoGEFs. We found that PI3K activity is decreased in hypoxia, and further 

decreased after U46619-challenge. This suggests that the PI3K/Akt signaling pathway is 
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not regulating the activation state of the Rho GTPases. Rho GTPases are normally 

activated by a RhoGEF protein, which exchanges the bound GDP nucleotide to a GTP. 

Some RhoGEFs are specific for a single GTPase, while others can activate a number of 

GTPase substrates. There are four mammalian RhoGEFs that are regulated by G12/13 

proteins. It is known that TP receptor coupling to G13 protein leads to p115RhoGEF 

activation of RhoA (426). This link between TP receptor and RhoA activity has not been 

looked at in reference to the disease PPHN. In addition, other RhoGEFs that may be 

responsible for activating Cdc42 and Rac1 have not been investigated in this context. 

 Rho GTPase crosstalk. Assembly and disassembly of the actin cytoskeleton is 

controlled by crosstalk between the Rho GTPases. In addition, RhoA, Cdc42 and Rac 

have been placed in a hierarchical cascade, such that Cdc42 activates Rac, which then 

regulates RhoA activity (341). Crosstalk between these Rho GTPases has not been 

investigated in the chronic hypoxic animal model. siRNA can be used to individually 

examine the effects of APM to decipher the Rho GTPase hierarchy and determine which 

Rho GTPase takes precedence in TP-induced APM in hypoxic pulmonary arterial 

myocytes.  

! Cell migration. Infants who died from pulmonary hypertension have an increase 

in vessel thickness and extension of smooth muscle into more peripheral arteries (183). 

We found that synthetic (serum-fed) pulmonary arterial myocytes had an overall decrease 

in polymerized actin after exposure to 72 hours of hypoxia.  In addition, stimulation of 

these synthetic hypoxic cells further depolymerized the actin cytoskeleton. Does this 

suggest that these synthetic hypoxic cells are proliferating to increase vessel thickness or 
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migrating to more peripheral arteries where muscle is normally not located? The 

functional role of these synthetic smooth muscle cells has not been studied in PPHN. 

 

Hypoxic actin polmerization promotes pulmonary arterial myocyte contraction to 

thromboxane challenge. In contractile PA smooth muscle cells, hypoxia induces 

polymerization of alpha- and gamma-actin, which is dependent on RhoA signaling. 

Thromboxane-induced actin polymerization is not dependent on the RhoA pathway, but 

involves Cdc42 signaling. Thus, inhibition of RhoA pathway intermediates may not be 

beneficial drug targets to remodel the actin cytoskeleton for the treatment of persistent 

pulmonary hypertension of the newborn. However, inhibiting Cdc42 pathway 

intermediates may serve as potential drug targets as long as off target effects are taken 

into account. Polymerization of actin also accelerates TP receptor internalization, which 

is significant for understanding hypersensitivity of the receptor in hypoxic pulmonary 

vasoconstriction. All of this data connects structural changes in the hypoxic pulmonary 

artery with thromboxane-induced vasospasm, as well as highlight the functional 

implications of remodeling of the actin cytoskeleton in PPHN. 
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