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1. Introduction 

The ductus arteriosus (DA), a fetal arterial shunt between the main pulmonary artery and the 
descending aorta, is a normal and essential fetal structure. Normally, the DA begins to close 
immediately after birth, but in some cases it remains patent after birth. Postnatal patent DA 
(PDA) is a major cause of morbidity and mortality in premature infants, leading to severe 
complications including pulmonary hypertension, right ventricular dysfunction, postnatal 
infections, and respiratory failure (Hermes-DeSantis & Clyman, 2006). The incidence of PDA 
among full-term newborns has been estimated at one in 500, and in preterm newborns it 
accounts for the majority of all congenital heart disease cases (Mitchell, 1971). The incidence of 
PDA exceeds 30% in preterm babies with birth weights <1,500 g (Van Overmeire, 2004). 
Curiously, patent DA can be essential for patients with complex congenital heart diseases in 
which the systemic or pulmonary circulation is dependent on the passage of blood through the 
DA. Therefore, a thorough understanding of the precise molecular mechanism underlying DA 
closure is very important in pediatric cardiovascular medicine. 
Closure of the human DA occurs in two phases: functional closure of the lumen within the 
first hours after birth by smooth muscle constriction, and anatomic occlusion of the lumen 
over the next several days due to extensive neointimal thickening and vascular remodelling. 
Although this overall process is similar among all mammals, the time course of the two 
phases varies among species.  
DA constriction after birth is induced by an increase in arterial oxygen tension, a dramatic 
decline in circulating prostaglandinE2 (PGE2), and a decrease in blood pressure within the 
DA lumen (Smith 1998; Clyman 2006). Anatomical closure of the DA is associated with a 
unique system of differentiation of the vessel wall. The most prominent phenotypic change 
is intimal thickening, a process characterized by (a) an area of subendothelial deposition of 
extracellular matrix, (b) the disassembly of the internal elastic lamina and loss of elastic fiber 
in the medial layer, and (c) the migration of undifferentiated medial smooth muscle cells 
(SMCs) into the subendothelial space. The DA later undergoes permanent closure through 
structural remodelling and fibrosis. The resulting fibrous band with no lumen persists in the 
adult as the ligamentum arteriosum (Fay & Cooke 1972). The cascade of events is thought to 
orchestrate the activation of subsequent signalling pathways, leading finally to the complete 
obliteration of the DA. In this chapter, we focus on reviewing the current state of knowledge 
regarding the mechanisms by which vascular remodelling of the DA is regulated. 
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2. Anatomical closure of the DA 

After birth, extensive remodelling of the DA wall occurs, leading to permanent closure of 
the DA. Although these rapid changes are readily apparent after birth, the structural 
remodelling of the DA has already begun in late gestation, under the control of the 
abovementioned unique differentiation system. Therefore, the DA has a distinct structural 
character from its neighboring arteries. For example, smooth muscle myosin isoform SM2, 
which is predominantly expressed in adult arteries, is highly expressed in the fetal DA (Kim, 
1993).  

2.1 Physiological intimal thickening of the DA 

Intimal thickening, though often observed in pathological arteries, such as injured or 
atherosclerotic arteries, is also a characteristic developmental structural change in the DA. 
The intimal thickening that occurs in the DA is physiological in nature and is required for 
postnatal DA closure (Rabinovitch, 1996; Yokoyama. 2006a). In rats, intimal thickening can 
be observed in the mature DA on the 21st day of gestation, though it is not observed in the 
immature DA on the 19th day of gestation. Intimal thickening starts with a lifting of the 
endothelial cells. Accumulations of hyaluronan and other extracellular matrices in the 
subendothelial region and fragmention of the inner elastic lamina provide optimal 
conditions for the migration of SMCs into the subendothelial region (De Reeder, 1988). 
These changes in DA structure have been well investigated both in rodents and in humans. 
Given that intimal thickening is poorly developed in patients with PDA and in animal 
models of PDA (Gittenberger-de Groot, 1980; Gittenberger-de Groot,1985; Tada,1985), this 
process must play a critical role in permanent closure of the DA after birth. Therefore, a 
common molecular mechanism must underlie the development of intimal thickening of the 
DA in humans and animals alike. 

2.2 Molecular mechanisms underlying intimal thickening 

Intimal thickening is associated with many characteristic phenomena such as the proliferation 
and migration of SMCs, the accumulation of extracellular matrix in the subendothelial region, 
and the fragmention of the inner elastic lamina. Analysis of the causal genes of this complex 
process in patients with PDA and animal models of PDA is resulting in significant progress 
toward understanding the molecular mechanism underlying it.  

2.2.1 Cyclooxygenase (COX): The generator of PGE2  

The cyclooxygenases COX1 and COX2 catalyze the synthesis of prostaglandin H, a 
precursor of biologically active prostaglandins including PGE2, from arachidonic acid. 
Therefore COX inhibitors such as indomethacin are often used for treatment of PDA to 
induce vasoconstriction of the DA by attenuating the synthesis of PGE2. Exposure in utero to 
indomethacin induces premature closure of the DA. Interestingly, it has been reported that 
infants of mothers who received indomethacin tocolysis are susceptible to symptomatic 
PDA. These contradictory observations suggest that a relatively complex mechanism 
underlies the role of COX1 and COX2 in the DA. Furthermore, genetic disruption of COX1 
and COX2 results in postnatal PDA (Loftin, 2001). As seen in COX-deleted mice, COX2 
plays a primary role in DA closure after birth, and its effect is attenuated in cases of preterm 
gestation. In addition to COX2, COX1 also contributes to DA closure in a gene dosage-
dependent manner (Loftin, 2001; Loftin, 2002). Although it is not apparent from the 
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literature why COX deletion causes PDA in mice, we assume that the same mechanism 
should work as described below in mice harboring deletion of the EP4 gene, a predominant 
PGE2 receptor in the DA. Trivedi et al. have demonstrated that COX2 expression is 
attenuated in EP4-deleted mice (Trivedi,. 2006), suggesting the existence of a positive 
feedback loop in COX-PGE2 cascades. 

2.2.2 Prostacyclin (PGI2) 
Dogs have been studied as an animal model of inherited PDA because their histological 
features of normal DA and PDA closely resemble those of humans. Through such studies, 
De Reeder et al. have demonstrated that the expression of PGI2 synthase is high in the 
endothelium and low in vascular SMCs in PDA and other patent neighboring arteries. In 
normally closing DA, in contrast, high amounts of PGI2 are found in the vascular SMCs of 
the intimal cushions, suggesting that PGI2 plays a role in the onset of intimal thickening (de 
Reeder, 1989).  

2.2.3 PGE2 – EP4: A critical player in regulating intimal thickening 

PGE2, the most potent vasodilator affecting the DA, is produced in the placenta (Smith 1998) 
and in the DA itself (Clyman, 1978; Coceani, 1978). During gestation, PGE2 contributes to 
DA patency in utero. Stimulation of PGE2 receptors activates adenylyl cyclases (ACs). The 
resulting increased intracellular concentrations of cyclic AMP (cAMP) inhibit myosin light 
chain kinase, inducing DA relaxation (Smith 1998). The dilator effect of PGE2 on the 
mammalian DA is mediated mainly by the PGE2 receptor, EP4. After birth, the concentration 
of circulating PGE2 declines dramatically as the placenta is removed and PGE2 is rapidly 
catabolised through lung circulation. Furthermore, the expression levels of PGE2 receptors 
are decreased in the DA wall (Smith 1998).  
Although PGE2 plays a primary role in maintaining the patency of the DA, previous studies 
have demonstrated that genetic disruption of EP4 paradoxically results in fatal PDA in mice 
(Nguyen, 1997; Segi, 1998). We have found that intimal thickening was completely absent in 
DA from EP4-disrupted neonatal mice (Yokoyama, 2006a). Moreover, a marked reduction in 
hyaluronan production was found in EP4-disrupted DA, whereas a thick layer of 
hyaluronan deposit was present in wild-type DA. PGE2-EP4-cAMP-protein kinase A (PKA) 
signalling up-regulates hyaluronan synthase type 2 mRNA, which increases hyaluronan 
production in the DA. Accumulation of hyaluronan then promotes SMCs migration into the 
subendothelial layer to induce intimal thickening (Yokoyama, 2006a). Therefore, signalling 
through PGE2-EP4 plays two essential roles in DA development, namely, vascular dilation 
and intimal thickening. 

2.2.4 Specific adenylyl cyclases regulate intimal thickening of the DA 

Chronic PGE2-EP4-AC-cAMP-PKA signalling during gestation induces vascular remodelling 
of the DA and thereby promotes hyaluronan-mediated intimal thickening and structural 
closure of the vascular lumen. Both PGE1 and PGE2 also induce vasodilation in the DA. Since 
intracellular cAMP is synthesized by ACs, which are transmembrane enzymes activated by G 
protein-coupled receptors, including PGE receptors, ACs must play an important role in 
regulating vasodilation and remodelling in the DA. To date, nine different isoforms of 
membrane-bound forms of ACs (AC1 through AC9) have been identified in vertebrate tissues. 
Most tissues express several AC isoforms, which exhibit remarkable diversity in their 
biochemical properties (Sunahara & Taussig 2002). Since SMCs in the DA exhibit biological 
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properties distinct from those of SMCs in other vessels such as the aorta, it is possible to 
identify specific AC isoforms that play a distinct role in the DA. Recent advances concerning 
AC isoform-selective activation or inhibition have allowed us to investigate the role of AC 
isoforms and the availability of AC isoform-selective activators in regulating DA vascular tone 
and remodelling. AC2 and AC6, for example, are more highly expressed in rat DA than in the 
aorta during the perinatal period (Yokoyama, 2010). AC6-targeted siRNA counteracts PGE-
induced hyaluronan production in rat DA SMCs. Overexpression of AC6 enhances PGE-
induced hyaluronan production and induces intimal thickening in DA explants. Furthermore, 
intimal thickening of the DA is less marked in mice lacking AC6 than in wild-type mice. 
Interestingly, stimulation of AC2 attenuates AC6-induced hyaluronan production via 
inhibition of the p38 mitogen-activated protein kinase pathway and AC6-induced intimal 
thickening of the DA. The AC2/6 activator 6-[N-(2-isothiocyanatoethyl) aminocarbonyl] 
forskolin (FD1) does not induce hyaluronan-mediated intimal thickening in DA explants, 
though the AC5/6 activator 6-[3-(dimethylamino)propionyl]-14 15-dihydroforskolin (FD6) 
does. Therefore AC6 must be responsible for hyaluronan-mediated intimal thickening of the 
DA, while AC2 inhibits AC6-induced hyaluronan production. It should be noted that the DA 
is dilated by stimulation with both FD1 and FD6, the effect of which is longer than that of 
stimulation with PGE1 (Yokoyama, 2010). These data suggest that the activation of both AC2 
and AC6 induces vasodilation, although the effectiveness of AC2 and AC6 activation has not 
yet been directly investigated. Administration of FD1 induces vasodilation without intimal 
thickening of the DA, suggesting that combinative stimulation with AC2 and AC6 or AC2-
specific stimulation may be a novel alternative therapy to current PGE therapy for patients 
with DA-dependent congenital heart disease. 

2.2.5 Epac (Exchange Protein Activated by cAMP): A novel target of cAMP 

A new target of cAMP, i.e., a new exchange protein activated by cAMP, has recently been 
discovered and is called Epac. Epac has been known to utilize a distinct cAMP signalling 
pathway that is independent of PKA (Bos 2006). Epac is a guanine nucleotide exchange protein 
that regulates the activity of small G proteins. There are two variants: Epac1 is expressed in 
most tissues, including the heart and blood vessels, whereas Epac2 is expressed in the adrenal 
gland and the brain. Although both Epac1 and Epac2 are up-regulated during the perinatal 
period, Epac1, but not Epac2, acutely promotes SMC migration and thus intimal thickening in 
the DA (Yokoyama, 2008). Since Epac stimulation does not increase hyaluronan production, 
the effect of Epac1 on SMC migration is independent of that of hyaluronan accumulation, 
which operates through a mechanism different from that underlying PKA stimulation. Epac 
stimulation improves the organization of actin stress fibers and enhances focal adhesion of DA 
SMCs. Therefore, the EP4-cAMP signal pathway can induce intimal thickening in the DA via a 
PKA-dependent mechanism or an Epac-dependent mechanism.  

2.2.6 Oxygen and reactive oxygen species 

The DA is an oxygen-sensitive tissue, and oxygen is its most potent vasoconstrictor. The DA 
senses the change in oxygen tension through the change in redox status. Redox and reactive 
oxygen species are known to play an important role in vascular remodelling of pathological 
arteries. Therefore, the change in oxygen tension that occurs after birth should affect 
postnatal vascular remodelling of the DA. In this regard, Clyman’s group has demonstrated 
that muscular constriction produces a region of ischemic hypoxia in the middle of the 
ductus muscle media and that intense hypoxia within the constricted vessel wall of the DA 
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induces vascular endothelial cell growth factor (VEGF), which in turn stimulates neointimal 
proliferation and vasa vasorum ingrowth (Waleh, 2010; Clyman, 2002). They have also 
emphasized that hypoxia in the vessel wall plays a role in permanent DA closure. Yet before 
the blood flow through the DA is completely obstructed, the DA is exposed to blood 
containing higher oxygen content after birth compared to the blood passing through it 
during the fetal period. Recently we have found that oxygenation promotes migration of DA 
SMCs followed by intimal thickening of the rat DA (unpublished data). Accordingly, 
oxygenation, in addition to inducing contraction, plays an important role in completing DA 
closure through promoting intimal thickening after PGE2 removal. Further investigation is 
warranted to elucidate the molecular mechanism by which oxygenation promotes intimal 
thickening of the DA.  

2.2.7 Calcium channel 
A growing body of evidence has demonstrated that voltage-dependent calcium channels 
(VDCCs), in addition to their role in determining the contractile state, play an important role 
in regulating differentiation, proliferation, migration, and gene expression in vascular 
SMCs. VDCCs are classified according to their distinct electrophysiological and 
pharmacological properties into low-voltage-activated (T-type) and high-voltage-activated 
(L-, N-, P-, Q-, and R-type) VDCCs. VDCCs consist of different combinations of ┙1 subunits 
and auxiliary subunits. Among the ┙1 subunits, ┙1C and ┙1G are the most predominant 
isoforms in the rat DA (Yokoyama, 2006b). In addition to a conventional ┙1C subunit, a 
novel alternatively spliced variant of the ┙1C isoform is highly expressed in the neointimal 
cushion of the rat DA, although the role of the spliced variant of the ┙1C isoform in 
neointimal cushion formation has not yet been investigated (Yokoyama, 2006b). 
Interestingly, ┙1G, a T-type VDCC, is significantly up-regulated in oxygenated rat DA tissue 
and in the region of intimal thickening in the DA (Akaike, 2009). ┙1G plays a role in 
migration of DA SMCs and neointimal cushion formation. R(-)-efonidipine, a T-type VDCC-
specific antagonist, delays the closure of the rat DA through inhibiting the contraction and 
neointimal formation of the DA (Akaike, 2009). Therefore, isoform-specific inhibition of 
VCDD may be an alternative therapeutic strategy to regulate the patency of the DA. 

2.2.8 Cytokines 
Inflammatory responses to vascular injury or atherosclerosis are known to be associated 
with the pathogenesis of neointimal thickening. Given that several proinflammatory 
cytokines are known to play an essential role during vascular remodelling, it is reasonable 
to assume that cytokines might contribute to physiological vascular remodelling processes 
as well, in particular, the permanent closure of the DA. Accordingly, it is likely that VEGF 
stimulates neointimal proliferation and vasa vasorum ingrowth during permanent DA 
closure, as described above (Waleh, 2010; Clyman, 2002). In addition, transforming growth 
factor-beta (TGF-┚) 1 in endothelial cells and SMCs probably regulates vascular remodelling 
of the DA, though the function and expression of TGF-┚ 1 in the DA are controversial 
(Tannenbaum, 1996; Zhou, 1998).  
Clyman’s group has demonstrated that the expression levels of vascular cell adhesion 
molecule (VCAM)-1 (an important ligand for the mononuclear cell adhesion receptor 
VLA4), E-selectin, IL-8, macrophage colony stimulating factor-1, CD154, interferon-gamma, 
IL-6, and tumor necrosis factor-alpha are increased in the ductus wall. They have also found 
that VLA4+ monocytes/macrophages (CD68+ and CD14+) and, to a lesser extent, T-
lymphocytes adhere to the postnatal DA (Waleh, 2005).  
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The expression of IL-15 mRNA is significantly higher in rat DA than in the aorta. IL-15 
immunoreactivity is detected predominantly in the internal elastic laminae, and to a lesser 
extent in SMCs, in the rat DA. IL-15 attenuates PDGF-BB-mediated SMC proliferation and 
PGE1-induced hyaluronan production in a dose-dependent manner. Accordingly, IL-15 
might have an inhibitory effect on the physiological vascular remodelling processes 
involved in closing the DA (Iwasaki, 2007). 
Moreover, growth hormones promote the migration of DA SMCs, thus enhancing intimal 
cushion formation in the DA. Growth hormones also regulate the expression of cytoskeletal, 
genes in DA SMCs, which may retain a synthetic phenotype in the smooth muscle-specific 
cytoskeletal genes (Jin, 2011).  

2.3 Vascular smooth muscle differentiation 

SMCs retain the ability to reversibly alter their phenotype in response to various 

environmental and physiological changes (McDonald and Owens 2007). This property has 

been termed phenotypic switching or SMC plasticity. Contractile SMCs express high levels 

of contractile proteins involved in establishing and maintaining myofilament structure and 

function, including SM22┙, SMA and SMMHC. In contrast, synthetic SMCs express lower 

levels of contractile muscle proteins and have higher rates of proliferation, migration and 

production of extracellular matrix components. The DA is a very specialized blood vessel, 

with a vascular wall composed of highly differentiated and contractile smooth muscle 

(Slomp, 1997). A unique transcriptional program is probably responsible for generating this 

particular artery during fetal development (Ivey, 2008). A growing body of evidence has 

demonstrated that maturation and differentiation of DA SMCs is essential for postnatal DA 

closure. Deletion of several factors that are required for DA SMCs to adopt a contractile 

phenotype results in PDA. It should be noted, however, that neointimal thickening is 

induced by migrating and proliferating vascular SMCs, which are characterized as a 

dedifferentiated (synthetic) phenotype. Therefore, the DA must consist of SMCs exhibiting 

phenotypic heterogeneity.  

2.3.1 Myocardin 

Myocardin is a remarkably potent transcriptional coactivator that regulates SMC contractile 
proteins. Myocardin-null mouse embryos exhibit a block in vascular SMC differentiation as 
well as defects in the yolk sac vasculature (Li, 2003). Importantly, mice generated after 
selective myocardin ablation of cardiac neural crest-derived vascular SMCs exhibit PDA and 
die at postnatal day 3 (Huang, 2008). In these mutant mice, the myocardin-deficient vascular 
SMCs populating the DA exhibit ultrastructural features generally associated with the 
synthetic, rather than the contractile, SMC phenotype. In addition, the architecture of the 
neointima and tunica media of the DA is markedly disturbed in association with a dramatic 
increase in extracellular matrix and a relative decrease in vascular SMC volume. These data 
demonstrate that myocardin regulates the expression of genes required to induce the 
contractile phenotype in neural crest–derived SMCs and provide new insights into the 
molecular and genetic systems that underlie the vascular remodeling of the DA. 

2.3.2 TFAP2B 

Identifying gene mutations in TFAP2B, a neural crest cell-specific transcription factor 
involved in Char syndrome, is one of the most important discoveries regarding the 
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molecular mechanism of PDA. Char syndrome is a genetic syndrome consisting of PDA in 
association with facial anomalies and minor skeletal anomalies (Chen, 2011; Satoda, 2000; 
Khetyar, 2008). In addition, Ivey et al. has demonstrated that TFAP2B disruption affects the 
development of vascular SMCs in the DA (Ivey, 2008), although they did not observe 
morphological differences between TFAP2B–/– and wild-type mice at embryonic days 13.5, 
15.5 and 18.5. It will be intriguing to examine in future studies whether TFAP2B plays a role 
in neointimal formation of the DA.  

2.3.3 Jag1 

The evolutionarily conserved Notch signaling pathway plays a major role in vascular 
development in mammals and other vertebrates (Kurpinski, 2010; High, 2008). Mice with 
SMC-specific deletion of Jag1, which encodes a Notch ligand, die postnatally from PDA 
(Feng, 2010). These mice exhibit defects in contractile SMC differentiation in the medial 
vascular wall of the DA, which therefore fails to express contractile SMC proteins. However, 
the differentiation of contractile vascular SMCs is confined to the region adjacent to the 
endothelial cell layer in the DA. Therefore, propagation of the Jag1-Notch signal throughout 
the width of the vascular wall is required for contractile SMC differentiation of the DA.  

2.4 Extracellular matrix involved in vascular remodelling of the DA 

Vascular cells are defined by the ways in which they regulate their extracellular matrix, and 
changes in the extracellular matrix, in turn, determine vascular cell phenotype, i.e. the 
ability to differentiate, proliferate, and migrate (Rabinovitch, 1996). As described in section 
2.2.3, PGE-induced hyarulonan plays a critical role in the onset of intimal thickening of the 
DA (De Reeder, 1988; Yokoyama, 2006a). In addition, it has been reported that DA SMCs 
produce twice as much fibronectin as aortic SMCs do (Rabinovitch, 1996). Mason et al. have 
demonstrated that preventing fibronectin-dependent intimal thickening would be a feasible 
manipulation to cause PDA as a mode of treatment of congenital heart diseases (Mason, 
1999). TGF ┚ and nitric oxide induce extracellular matrix, including hyaluronan and 
fibronectin, in DA SMCs (Rabinovitch, 1996). Future studies will be needed to determine the 
other constituents of extracellular matrix that play a role in vascular remodelling of the DA.  

2.5 Disassembly of the internal elastic lamina and loss of elastic fiber in the medial 
layer of the DA 

The disassembly and fragmentation of the internal elastic lamina and sparse elastic fibers in 
the middle layer of the DA is a hallmark of vascular remodelling in the DA. In the normally 
closing DA, impaired elastogenesis coincides with increased SMC migration and 
proliferation, contributing to physiological occlusion. The reduced elasticity of the DA wall 
may help its structure collapse easily as a prelude to postnatal permanent closure of the DA. 
In PDA, in contrast, an abundance of elastin lamellae in the intima, a subendothelial elastic 
lamina, and a failure of intimal SMC migration are found in humans and animal models (de 
Reeder, 1990; Hinek, 1991; Slomp, 1992). In humans and in animal models such as canine 
puppies and the inbred Brown-Norway (BN) rat (Bokenkamp, 2006), the subendothelial 
elastic lamina is thought to limit the passage of SMCs from the media to the intima. In PDA 
in BN rats, the media of elastin lamellae are absent, and the intima contains many elastic 
fibers. The abnormal distribution of elastin in the PDA of BN rats suggests that impaired 
elastin metabolism is related to the persistence of the DA and implicates a genetic factor that 
may link the PDA with aortic fragility. In this regard, recent studies have identified a new 
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aortic aneurysm syndrome that is due to mutations in the TGF ┚ receptors 1 and 2 and is 
associated with PDA and ductal aneurysm (Loeys, 2005). Further investigation is required to 
identify the molecular mechanism underlying the impaired elastogenesis in cases of DA.  

3. Conclusion 

Ductal closure occurs in two phases. In full-term newborns, the first few hours after birth 
see acute and functional closure as a result of smooth muscle contraction of the DA, which is 
triggered by an increase in oxygen tension and a decline in levels of circulating PGE2. 
Importantly, prior to this, anatomical vascular remodelling occurs under the control of 
highly conserved yet complex molecular mechanisms. This remodelling requires a specific 
sequence of processes, which includes the differentiation of vascular SMCs and endothelial 
cells, the accumulation of extracellular matrix, vascular SMC migration into the 
subendothelial region, impaired elastogenesis, and eventually fibrotic changes due to 
apoptosis and necrosis. Recent advances in high-throughput genetic screening for human 
diseases and genetically manipulated animal models of PDA have facilitated the 
identification of pathways and genes involved in development and closure of the DA. As 
seen in the PGE2-EP4-cAMP signal pathway as well as in the oxygen and calcium channels, 
multiple vasoreactive stimulations can serve as an important modulator of vascular 
remodelling of the DA. In this regard, endothelin-1, nitric oxide, and other vasoreactive 
factors in the DA that we have not discussed here in detail may play a role in vascular 
remodelling of the DA. Thus, it is reasonable to infer that endothelial cells in the DA may 
also play an important role in the differentiation of vascular SMCs, which are considered to 
be a pivotal cellular structure in the pathogenesis of PDA. In addition to its role in 
controlling vascular tone in the functional closure of the DA, the vascular remodelling of the 
DA is now attracting considerable attention as a target for novel therapeutic strategies for 
patients with PDA and DA-dependent cardiac anomalies. 

4. Acknowledgments 

This work was supported by grants from the Grant-in-Aid for Scientific Research 
(KAKENHI) (U.Y.), the Ministry of Health, Labor and Welfare of Japan (S.M. U.Y.), the 
Ministry of Education, Culture, Sports, Science and Technology of Japan (S.M.), the 
Yokohama Foundation for Advanced Medical Science (S.M., U.Y.), the Kanae Foundation 
for the Promotion for Medical Science (U.Y.), the Miyata Cardiology Research Promotion 
Funds (S.M., U.Y.), the Takeda Science Foundation (S.M., U.Y.), the Sumitomo Foundation 
(U.Y.), the Japan Heart Foundation Research Grant (U.Y.), the Kowa Life Science Foundation 
(U.Y.), the Uehara Memorial Foundation (U.Y.), “High-Tech Research Center” Project for 
Private Universities: MEXT (S.M.), a Waseda University Grant for Special Research Projects 
(S.M.), and the Vehicle Racing Commemorative Foundation (S.M.).  

5. References 

Akaike, T., Jin, M. H., Yokoyama, U., Izumi-Nakaseko, H., Jiao, Q., Iwasaki, S., Iwamoto, M., 
Nishimaki, S., Sato, M., Yokota, S., Kamiya, Y., Adachi-Akahane, S., Ishikawa, Y. & 
Minamisawa, S. (2009). T-type Ca2+ channels promote oxygenation-induced closure 
of the rat ductus arteriosus not only by vasoconstriction but also by neointima 
formation.J Biol Chem Vol.284, No.36, Sep 4 2009.pp.24025-34, ISSN 0021-9258  

www.intechopen.com



 
Recent Advances Concerning the Molecular Mechanism of Patent Ductus Arteriosus 

 

93 

Bokenkamp, R., Gittenberger-De Groot, A. C., Van Munsteren, C. J., Grauss, R. W., 
Ottenkamp, J. & Deruiter, M. C. (2006). Persistent ductus arteriosus in the Brown-
Norway inbred rat strain.Pediatr Res Vol.60, No.4, Oct 2006.pp.407-12, ISSN 0031-3998  

Bos, J. L. (2006). Epac proteins: multi-purpose cAMP targets.Trends Biochem Sci Vol.31, 
No.12, Dec 2006.pp.680-6, ISSN 0968-0004 

Chen, Y. W., Zhao, W., Zhang, Z. F., Fu, Q., Shen, J., Zhang, Z., Ji, W., Wang, J. & Li, F. (2011) 
Familial Nonsyndromic Patent Ductus Arteriosus Caused by Mutations in 
TFAP2B.Pediatr Cardiol Jun 4. 2011. ISSN 1432-1971  

Clyman, R. I. (2006). Mechanisms regulating the ductus arteriosus.Biol Neonate Vol.89, No.4, 
2006.pp.330-5, ISSN 0006-3126  

Clyman, R. I., Mauray, F., Roman, C. & Rudolph, A. M. (1978). PGE2 is a more potent 
vasodilator of the lamb ductus arteriosus than is either PGI2 or 6 keto 
PGF1alpha.Prostaglandins Vol.16, No.2, Aug 1978.pp.259-64, ISSN 0090-6980  

Clyman, R. I., Seidner, S. R., Kajino, H., Roman, C., Koch, C. J., Ferrara, N., Waleh, N., Mauray, 
F., Chen, Y. Q., Perkett, E. A. & Quinn, T. (2002). VEGF regulates remodeling during 
permanent anatomic closure of the ductus arteriosus.Am J Physiol Regul Integr Comp 
Physiol Vol.282, No.1, Jan 2002.pp.R199-206, ISSN 0363-6119  

Coceani, F., Bodach, E., White, E., Bishai, I. & Olley, P. M. (1978). Prostaglandin I2 is less 
relaxant than prostaglandin E2 on the lamb ductus arteriosus.Prostaglandins Vol.15, 
No.4, Apr 1978.pp.551-6, ISSN 0090-6980 

De Reeder, E. G., Girard, N., Poelmann, R. E., Van Munsteren, J. C., Patterson, D. F. & 
Gittenberger-De Groot, A. C. (1988). Hyaluronic acid accumulation and endothelial 
cell detachment in intimal thickening of the vessel wall. The normal and genetically 
defective ductus arteriosus.Am J Pathol Vol.132, No.3, Sep 1988.pp.574-85, ISSN 
0002-9440 

de Reeder, E. G., Gittenberger-de Groot, A. C., van Munsteren, J. C., Poelmann, R. E., 
Patterson, D. F. & Keirse, M. J. (1989). Distribution of prostacyclin synthase, 6-keto-
prostaglandin F1 alpha, and 15-hydroxy-prostaglandin dehydrogenase in the 
normal and persistent ductus arteriosus of the dog.Am J Pathol Vol.135, No.5, Nov 
1989.pp.881-7, ISSN 0002-9440  

de Reeder, E. G., van Munsteren, C. J., Poelmann, R. E., Patterson, D. F. & Gittenberger-de 
Groot, A. C. (1990). Changes in distribution of elastin and elastin receptor during 
intimal cushion formation in the ductus arteriosus.Anat Embryol (Berl) Vol.182, 
No.5, 1990.pp.473-80, ISSN 0340-2061  

Fay, F. S. & Cooke, P. H. (1972). Guinea pig ductus arteriosus. II. Irreversible closure after 
birth.Am J Physiol Vol.222, No.4, Apr 1972.pp.841-9, ISSN 0002-9513  

Feng, X., Krebs, L. T. & Gridley, T. Patent ductus arteriosus in mice with smooth muscle-
specific Jag1 deletion. (2010). Development Vol.137, No.24, Dec.pp.4191-9, ISSN 
1477-9129 

Gittenberger-de Groot, A. C., Strengers, J. L., Mentink, M., Poelmann, R. E. & Patterson, D. 
F. (1985). Histologic studies on normal and persistent ductus arteriosus in the dog.J 
Am Coll Cardiol Vol.6, No.2, Aug 1985.pp.394-404, ISSN 0735-1097  

Gittenberger-de Groot, A. C., van Ertbruggen, I., Moulaert, A. J. & Harinck, E. (1980). The 
ductus arteriosus in the preterm infant: histologic and clinical observations.J Pediatr 
Vol.96, No.1, Jan 1980.pp.88-93, ISSN 0022-3476  

www.intechopen.com



 
Congenital Heart Disease – Selected Aspects 

 

94

Hermes-DeSantis, E. R. & Clyman, R. I. (2006). Patent ductus arteriosus: pathophysiology 
and management.J Perinatol Vol.26 Suppl 1,  May 2006.pp.S14-8; discussion S22-3, 
ISSN 0743-8346  

High, F. A., Lu, M. M., Pear, W. S., Loomes, K. M., Kaestner, K. H. & Epstein, J. A. (2008). 
Endothelial expression of the Notch ligand Jagged1 is required for vascular smooth 
muscle development.Proc Natl Acad Sci U S A Vol.105, No.6, Feb 12 2008.pp.1955-9, 
ISSN 1091-6490  

Hinek, A., Mecham, R. P., Keeley, F. & Rabinovitch, M. (1991). Impaired elastin fiber 
assembly related to reduced 67-kD elastin-binding protein in fetal lamb ductus 
arteriosus and in cultured aortic smooth muscle cells treated with chondroitin 
sulfate.J Clin Invest Vol.88, No.6, Dec 1991.pp.2083-94, ISSN 0021-9738 

Huang, J., Cheng, L., Li, J., Chen, M., Zhou, D., Lu, M. M., Proweller, A., Epstein, J. A. & 
Parmacek, M. S. (2008). Myocardin regulates expression of contractile genes in 
smooth muscle cells and is required for closure of the ductus arteriosus in mice.J 
Clin Invest Vol.118, No.2, Feb 2008.pp.515-25, ISSN 0021-9738 

Ivey, K. N., Sutcliffe, D., Richardson, J., Clyman, R. I., Garcia, J. A. & Srivastava, D. (2008). 
Transcriptional regulation during development of the ductus arteriosus.Circ Res 
Vol.103, No.4, Aug 15 2008.pp.388-95, ISSN 1524-4571 

Iwasaki, S., Minamisawa, S., Yokoyama, U., Akaike, T., Quan, H., Nagashima, Y., 
Nishimaki, S., Ishikawa, Y. & Yokota, S. (2007). Interleukin-15 inhibits smooth 
muscle cell proliferation and hyaluronan production in rat ductus arteriosus.Pediatr 
Res Vol.62, No.4, Oct 2007.pp.392-8, ISSN 0031-3998  

Jin, M. H., Yokoyama, U., Sato, Y., Shioda, A., Jiao, Q., Ishikawa, Y. & Minamisawa, S. 
(2011). DNA microarray profiling identified a new role of growth hormone in 
vascular remodeling of rat ductus arteriosus.J Physiol Sci Vol.61, No.3, May.pp.167-
79, ISSN 1880-6562  

Khetyar, M., Syrris, P., Tinworth, L., Abushaban, L. & Carter, N. (2008). Novel TFAP2B 
mutation in nonsyndromic patent ductus arteriosus.Genet Test Vol.12, No.3, Sep 
2008.pp.457-9, ISSN 1090-6576 

Kim, H. S., Aikawa, M., Kimura, K., Kuro-o, M., Nakahara, K., Suzuki, T., Katoh, H., Okamoto, 
E., Yazaki, Y. & Nagai, R. (1993). Ductus arteriosus. Advanced differentiation of 
smooth muscle cells demonstrated by myosin heavy chain isoform expression in 
rabbits.Circulation Vol.88, No.4 Pt 1, Oct 1993.pp.1804-10, ISSN 0009-7322  

Kurpinski, K., Lam, H., Chu, J., Wang, A., Kim, A., Tsay, E., Agrawal, S., Schaffer, D. V. & Li, 
S. (2010). Transforming growth factor-beta and notch signaling mediate stem cell 
differentiation into smooth muscle cells.Stem Cells Vol.28, No.4, Apr.pp.734-42, 
ISSN 1549-4918  

Li, S., Wang, D. Z., Wang, Z., Richardson, J. A. & Olson, E. N. (2003). The serum response 
factor coactivator myocardin is required for vascular smooth muscle 
development.Proc Natl Acad Sci U S A Vol.100, No.16, Aug 5 2003.pp.9366-70, ISSN 
0027-8424  

Loeys, B. L., Chen, J., Neptune, E. R., Judge, D. P., Podowski, M., Holm, T., Meyers, J., 
Leitch, C. C., Katsanis, N., Sharifi, N., Xu, F. L., Myers, L. A., Spevak, P. J., 
Cameron, D. E., De Backer, J., Hellemans, J., Chen, Y., Davis, E. C., Webb, C. L., 
Kress, W., Coucke, P., Rifkin, D. B., De Paepe, A. M. & Dietz, H. C. (2005). A 
syndrome of altered cardiovascular, craniofacial, neurocognitive and skeletal 

www.intechopen.com



 
Recent Advances Concerning the Molecular Mechanism of Patent Ductus Arteriosus 

 

95 

development caused by mutations in TGFBR1 or TGFBR2.Nat Genet Vol.37, No.3, 
Mar 2005.pp.275-81, ISSN 1061-4036  

Loftin, C. D., Trivedi, D. B. & Langenbach, R. (2002). Cyclooxygenase-1-selective inhibition 
prolongs gestation in mice without adverse effects on the ductus arteriosus.J Clin 
Invest Vol.110, No.4, Aug 2002.pp.549-57, ISSN 0021-9738 

Loftin, C. D., Trivedi, D. B., Tiano, H. F., Clark, J. A., Lee, C. A., Epstein, J. A., Morham, S. G., 
Breyer, M. D., Nguyen, M., Hawkins, B. M., Goulet, J. L., Smithies, O., Koller, B. H. 
& Langenbach, R. (2001). Failure of ductus arteriosus closure and remodeling in 
neonatal mice deficient in cyclooxygenase-1 and cyclooxygenase-2.Proc Natl Acad 
Sci U S A Vol.98, No.3, Jan 30 2001.pp.1059-64, ISSN 0027-8424 

Mason, C. A., Bigras, J. L., O'Blenes, S. B., Zhou, B., McIntyre, B., Nakamura, N., Kaneda, Y. 
& Rabinovitch, M. (1999). Gene transfer in utero biologically engineers a patent 
ductus arteriosus in lambs by arresting fibronectin-dependent neointimal 
formation.Nat Med Vol.5, No.2, Feb 1999.pp.176-82, ISSN 1078-8956  

McDonald, O. G. & Owens, G. K. (2007). Programming smooth muscle plasticity with 
chromatin dynamics.Circ Res Vol.100, No.10, May 25 2007.pp.1428-41, ISSN 1524-4571  

Mitchell, S. C., Korones, S. B. & Berendes, H. W. (1971). Congenital heart disease in 56,109 
births. Incidence and natural history.Circulation Vol.43, No.3, Mar 1971.pp.323-32, 
ISSN 0009-7322  

Nguyen, M., Camenisch, T., Snouwaert, J. N., Hicks, E., Coffman, T. M., Anderson, P. A., 
Malouf, N. N. & Koller, B. H. (1997). The prostaglandin receptor EP4 triggers 
remodelling of the cardiovascular system at birth.Nature Vol.390, No.6655, Nov 6 
1997.pp.78-81, ISSN 0028-0836  

Rabinovitch, M. (1996). Cell-extracellular matrix interactions in the ductus arteriosus and 
perinatal pulmonary circulation.Semin Perinatol Vol.20, No.6, Dec 1996.pp.531-41, 
ISSN 0146-0005  

Satoda, M., Zhao, F., Diaz, G. A., Burn, J., Goodship, J., Davidson, H. R., Pierpont, M. E. & 
Gelb, B. D. (2000). Mutations in TFAP2B cause Char syndrome, a familial form of 
patent ductus arteriosus.Nat Genet Vol.25, No.1, May 2000.pp.42-6, ISSN 1061-4036  

Segi, E., Sugimoto, Y., Yamasaki, A., Aze, Y., Oida, H., Nishimura, T., Murata, T., Matsuoka, T., 
Ushikubi, F., Hirose, M., Tanaka, T., Yoshida, N., Narumiya, S. & Ichikawa, A. (1998). 
Patent ductus arteriosus and neonatal death in prostaglandin receptor EP4-deficient 
mice.Biochem Biophys Res Commun Vol.246, No.1, May 8 1998.pp.7-12, ISSN 0006-291X  

Slomp, J., Gittenberger-de Groot, A. C., Glukhova, M. A., Conny van Munsteren, J., Kockx, 
M. M., Schwartz, S. M. & Koteliansky, V. E. (1997). Differentiation, 
dedifferentiation, and apoptosis of smooth muscle cells during the development of 
the human ductus arteriosus.Arterioscler Thromb Vasc Biol Vol.17, No.5, May 
1997.pp.1003-9, ISSN 1079-5642 

Slomp, J., van Munsteren, J. C., Poelmann, R. E., de Reeder, E. G., Bogers, A. J. & 
Gittenberger-de Groot, A. C. (1992). Formation of intimal cushions in the ductus 
arteriosus as a model for vascular intimal thickening. An immunohistochemical 
study of changes in extracellular matrix components.Atherosclerosis Vol.93, No.1-2, 
Mar 1992.pp.25-39, ISSN 0021-9150  

Smith, G. C. (1998). The pharmacology of the ductus arteriosus.Pharmacol Rev Vol.50, No.1, 
Mar 1998.pp.35-58, ISSN 0031-6997  

Sunahara, R. K. & Taussig, R. (2002). Isoforms of mammalian adenylyl cyclase: multiplicities 
of signaling.Mol Interv Vol.2, No.3, Jun 2002.pp.168-84, ISSN 1534-0384 

www.intechopen.com



 
Congenital Heart Disease – Selected Aspects 

 

96

Tada, T., Wakabayashi, T., Nakao, Y., Ueki, R., Ogawa, Y., Inagawa, A., Shibata, T. & 
Kishimoto, H. (1985). Human ductus arteriosus. A histological study on the relation 
between ductal maturation and gestational age.Acta Pathol Jpn Vol.35, No.1, Jan 
1985.pp.23-34, ISSN 0001-6632 

Tannenbaum, J. E., Waleh, N. S., Mauray, F., Gold, L., Perkett, E. A. & Clyman, R. I. (1996). 
Transforming growth factor-beta protein and messenger RNA expression is 
increased in the closing ductus arteriosus.Pediatr Res Vol.39, No.3, Mar 1996.pp.427-
34, ISSN 0031-3998  

Trivedi, D. B., Sugimoto, Y. & Loftin, C. D. (2006). Attenuated cyclooxygenase-2 expression 
contributes to patent ductus arteriosus in preterm mice.Pediatr Res Vol.60, No.6, 
Dec 2006.pp.669-74, ISSN 0031-3998 

Van Overmeire, B., Allegaert, K., Casaer, A., Debauche, C., Decaluwe, W., Jespers, A., 
Weyler, J., Harrewijn, I. & Langhendries, J. P. (2004). Prophylactic ibuprofen in 
premature infants: a multicentre, randomised, double-blind, placebo-controlled 
trial.Lancet Vol.364, No.9449, Nov 27-Dec 3 2004.pp.1945-9, ISSN 1474-547X  

Waleh, N., Seidner, S., McCurnin, D., Giavedoni, L., Hodara, V., Goelz, S., Liu, B. M., 
Roman, C. & Clyman, R. I. (2010). Anatomic Closure of the Premature Patent 
Ductus Arteriosus: The Role of CD14+/CD163+ Mononuclear Cells and Vascular 
Endothelial Growth Factor (VEGF) in Neointimal Mound Formation.Pediatr Res Jun 
17. ISSN 1530-0447  

Waleh, N., Seidner, S., McCurnin, D., Yoder, B., Liu, B. M., Roman, C., Mauray, F. & Clyman, 
R. I. (2005). The role of monocyte-derived cells and inflammation in baboon ductus 
arteriosus remodeling.Pediatr Res Vol.57, No.2, Feb 2005.pp.254-62, ISSN 0031-3998  

Yokoyama, U., Minamisawa, S., Quan, H., Ghatak, S., Akaike, T., Segi-Nishida, E., Iwasaki, 
S., Iwamoto, M., Misra, S., Tamura, K., Hori, H., Yokota, S., Toole, B. P., Sugimoto, 
Y. & Ishikawa, Y. (2006a). Chronic activation of the prostaglandin receptor EP4 
promotes hyaluronan-mediated neointimal formation in the ductus arteriosus.J 
Clin Invest Vol.116, No.11, Nov 2006.pp.3026-34, ISSN 0021-9738 

Yokoyama, U., Minamisawa, S., Adachi-Akahane, S., Akaike, T., Naguro, I., Funakoshi, K., 
Iwamoto, M., Nakagome, M., Uemura, N., Hori, H., Yokota, S. & Ishikawa, Y. 
(2006b). Multiple transcripts of Ca2+ channel alpha1-subunits and a novel spliced 
variant of the alpha1C-subunit in rat ductus arteriosus.Am J Physiol Heart Circ 
Physiol Vol.290, No.4, Apr 2006.pp.H1660-70, ISSN 0363-6135 

Yokoyama, U., Minamisawa, S., Quan, H., Akaike, T., Suzuki, S., Jin, M., Jiao, Q., Watanabe, 
M., Otsu, K., Iwasaki, S., Nishimaki, S., Sato, M. & Ishikawa, Y. (2008). 
Prostaglandin E2-activated Epac promotes neointimal formation of the rat ductus 
arteriosus by a process distinct from that of cAMP-dependent protein kinase A.J 
Biol Chem Vol.283, No.42, Oct 17 2008.pp.28702-9, ISSN 0021-9258 

Yokoyama, U., Minamisawa, S., Katayama, A., Tang, T., Suzuki, S., Iwatsubo, K., Iwasaki, S., 
Kurotani, R., Okumura, S., Sato, M., Yokota, S., Hammond, H. K. & Ishikawa, Y. 
(2010). Differential regulation of vascular tone and remodeling via stimulation of 
type 2 and type 6 adenylyl cyclases in the ductus arteriosus.Circ Res Vol.106, No.12, 
Jun 25.pp.1882-92, ISSN 1524-4571  

Zhou, B., Coulber, C. & Rabinovitch, M. (1998). Tissue-specific and developmental regulation 
of transforming growth factor-beta1 expression in fetal lamb ductus arteriosus 
endothelial cells.Pediatr Res Vol.44, No.6, Dec 1998.pp.865-72, ISSN 0031-3998  

www.intechopen.com



Congenital Heart Disease - Selected Aspects

Edited by Prof. P. Syamasundar Rao

ISBN 978-953-307-472-6

Hard cover, 348 pages

Publisher InTech

Published online 18, January, 2012

Published in print edition January, 2012

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

There are significant advances in the understanding of the molecular mechanisms of cardiac development and

the etiology of congenital heart disease (CHD). However, these have not yet evolved to such a degree so as to

be useful in preventing CHD at this time. Developments such as early detection of the neonates with serious

heart disease and their rapid transport to tertiary care centers, availability of highly sensitive noninvasive

diagnostic tools, advances in neonatal care and anesthesia, progress in transcatheter interventional

procedures and extension of complicated surgical procedures to the neonate and infant have advanced to

such a degree that almost all congenital cardiac defects can be diagnosed and "corrected". Treatment of the

majority of acyanotic and simpler cyanotic heart defects with currently available transcatheter and surgical

techniques is feasible, effective and safe. The application of staged total cavo-pulmonary connection (Fontan)

has markedly improved the long-term outlook of children who have one functioning ventricle. This book, I

hope, will serve as a rich source of information to the physician caring for infants, children and adults with CHD

which may help them provide optimal care for their patients.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Susumu Minamisawa and Utako Yokoyama (2012). Recent Advances Concerning the Molecular Mechanism of

Patent Ductus Arteriosus, Congenital Heart Disease - Selected Aspects, Prof. P. Syamasundar Rao (Ed.),

ISBN: 978-953-307-472-6, InTech, Available from: http://www.intechopen.com/books/congenital-heart-

disease-selected-aspects/recent-advances-concerning-the-molecular-mechanism-of-patent-ductus-arteriosus



© 2012 The Author(s). Licensee IntechOpen. This is an open access article

distributed under the terms of the Creative Commons Attribution 3.0

License, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


