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gene transfer was sufficient to induce ICF in EP4-disrupted DA explants in which the intimal cushion had not formed.
Accordingly, signals through EP4 have 2 essential roles in DA development, namely, vascular dilation and ICF. The latter
would lead to luminal narrowing, helping adhesive occlusion and permanent closure of the vascular lumen. Our results
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PGE,	a	potent	vasodilator,	plays	a	primary	role	in	maintaining	the	patency	of	the	ductus	arteriosus	(DA).	
Genetic	disruption	of	the	PGE-specific	receptor	EP4,	however,	paradoxically	results	in	fatal	patent	DA	(PDA)	
in	mice.	Here	we	demonstrate	that	EP4-mediated	signals	promote	DA	closure	by	hyaluronic	acid–mediated	
(HA-mediated)	intimal	cushion	formation	(ICF).	Chronic	EP4	stimulation	by	ONO-AE1-329,	a	selective	EP4	
agonist,	significantly	enhanced	migration	and	HA	production	in	rat	DA	smooth	muscle	cells.	When	HA	pro-
duction	was	inhibited,	EP4-mediated	migration	was	negated.	Activation	of	EP4,	adenylyl	cyclase,	and	PKA	all	
increased	HA	production	and	the	level	of	HA	synthase	2	(HAS2)	transcripts.	In	immature	rat	DA	explants,	ICF	
was	promoted	by	EP4/PKA	stimuli.	Furthermore,	adenovirus-mediated	Has2	gene	transfer	was	sufficient	to	
induce	ICF	in	EP4-disrupted	DA	explants	in	which	the	intimal	cushion	had	not	formed.	Accordingly,	signals	
through	EP4	have	2	essential	roles	in	DA	development,	namely,	vascular	dilation	and	ICF.	The	latter	would	
lead	to	luminal	narrowing,	helping	adhesive	occlusion	and	permanent	closure	of	the	vascular	lumen.	Our	
results	imply	that	HA	induction	serves	as	an	alternative	therapeutic	strategy	for	the	treatment	of	PDA	to	the	
current	one,	i.e.,	inhibition	of	PGE	signaling	by	cyclooxygenase	inhibitors,	which	might	delay	PGE-mediated	
ICF	in	immature	infants.

Introduction
The ductus arteriosus (DA), a fetal arterial connection between 
the pulmonary artery and the descending aorta, is indispensable 
for fetal life. PGE2, the most potent vasodilatory lipid mediator 
in the DA, principally maintains the open status of the DA dur-
ing fetal life (1). A rapid decline in the level of circulating PGE2 
is a primary trigger of DA closure at the time of birth. Although 
the DA closes immediately after birth, it remains open in some 
infants, a condition known as patent DA (PDA). PDA is a fre-
quent problem affecting premature infants, with a prevalence 
greater than 40% in infants with a birth weight of 1,500 g or less 
(2). PDA is responsible for significant morbidity and mortal-
ity in premature infants and is associated with increased risks 
for intraventricular hemorrhage, bronchopulmonary dysplasia, 
and necrotizing enterocolitis (2, 3). COX inhibitors including 
indomethacin, which principally inhibit the production of pros-
taglandins, have been widely used for treatment of PDA (1, 4, 
5). However, the efficacy of COX inhibitors may be limited in a 
substantial number of cases, and surgical ligation must be con-
ducted, with its attendant morbidities (4, 5). Therefore, an alter-
native strategy for PDA treatment is required.

Although PGE2 plays a primary role in maintaining the patency 
of DA, previous studies have demonstrated that genetic disrup-
tion of the PGE-specific receptor EP4 paradoxically results in fatal 
PDA in mice (6, 7). In addition, double mutant mice in which 
COX-1 and COX-2 are disrupted also exhibit PDA (8). Furthermore, 
several clinical studies showed that maternal administration of 
COX inhibitors during pregnancy increases the incidence of PDA 
in newborns, especially in premature infants (9, 10). However, a 
biological rationale behind these paradoxical results has not been 
satisfactorily provided.

DA closure occurs in 2 phases. During the first few hours after 
birth in term newborns, there is 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 circulat-
ing PGE2 (1). Importantly, prior to this, anatomical luminal nar-
rowing develops through intimal cushion formation (ICF) that 
occludes the vascular lumen and results in permanent closure after 
birth (11, 12). The intimal cushion of DA is formed by many cel-
lular processes, such as an increase in SMC migration and prolif-
eration, production of hyaluronic acid (HA) under the endothelial 
layer, and decreased elastin fiber assembly (1, 11–14). In this regard, 
ICF is poorly developed in human PDA patients and animal models 
of PDA (15–17). Since DA is exposed to a large amount of PGE2 
during gestation and the PGE/EP4 signal cascade has been shown 
to regulate vascular remodeling (18–20), PGE/EP4 signaling may 
regulate DA development. Therefore, we hypothesized that, in addi-
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HA synthase; ICF, intimal cushion formation; PDA, patent DA.
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tion to its vasodilatory effect, PGE2/EP4 signaling plays a primary 
role in promoting HA-mediated ICF in the DA and that this is 
essential for its anatomical closure, in utero prior to birth.

Results
Chronic EP4 stimuli promoted DA SMC migration accompanied by HA 
accumulation. We found that the expression of EP4 mRNA in rats 
was significantly higher in the DA than in the aorta, whereas the 
expression levels of EP2 and EP3 mRNAs were significantly lower 
in the DA than in the aorta (Figure 1). The expression level of 
EP4 mRNA was maximal at E21 in the DA. Our data indicate 
that EP4 is a DA-specific PGE2 receptor in rat, as previously dem-
onstrated in other species (21–24). Other prostanoid receptors 
for PGF2α, PGI2, and thromboxane A2 were not predominantly 
expressed in the DA (Figure 1).

SMC migration from vascular media into the endothelial layer 
is an important vascular remodeling process during ICF (12, 25). 
Since the DA is chronically exposed to a high dose of PGE2 during 
gestation, we hypothesized that chronic exposure to EP4 stimuli 
may alter DA SMC migration. We found that chronic treatment 
with an EP4 agonist, ONO-AE1-329 (10–6 M) for long exposures 
(>2 days) increased SMC migration in a time-dependent manner 
(Figure 2A, black bars). We also observed similar increases in DA 
SMC migration after exposure to PGE2 (10–6 M) (data not shown). 
Since HA-rich matrices are important for cell migration and prolif-

eration (26, 27), we measured HA production 
in culture media. We found that an increase in 
HA production in culture media was accom-
panied by an increase in SMC migration (Fig-
ure 2A, filled circles). To clarify whether an 
increase in HA production was responsible for 

the effect of ONO-AE1-329 on SMC migration, HA was removed 
from the culture media every day by replacing condition medium 
with fresh medium or by adding hyaluronidase (0.02 and 0.05 
mg/ml) to the media to digest the secreted HA. The removal of HA 
from the culture medium significantly decreased the stimulatory 
effects of ONO-AE1-329 (Figure 2B). In addition, we investigated 
whether ONO-AE1-329’s effect was inhibited when HA synthase 
(HAS) was inhibited. We found that HAS2 was largely responsible 
for ONO-AE1-329–mediated HA production in DA, although HA 
is synthesized by 3 isoforms of HAS, namely HAS1, HAS2, and 
HAS3 (28). We tested 2 different siRNAs for HAS2 for their capac-
ity to decrease the expression of HAS2 mRNA and HA production 
in DA SMCs. We found that transfection of one siRNA for HAS2 
significantly inhibited ONO-AE1-329–mediated HAS2 expression 
(~90% decrease) and thus the DA SMC migration, whereas that of 
a nontargeting negative control siRNA did not (Figure 2B). More-
over, HA supplementation (50 ng/ml) in the absence of ONO-AE1-
329 increased DA SMC migration to the same level as treatment 

Figure 1
The expression of prostanoid receptors in the rat 
DA and aorta during development. Quantitative 
RT-PCR analyses of EP isoforms (EP2, EP3, and 
EP4) and other prostanoid receptors (PGF2α recep-
tor [Ptgfr], PGI2 receptor [IP], and thromboxane A2 
receptor [Tbxa2r]) in the rat DA and aorta. The 
expression of EP4 mRNA was significantly higher 
in DA than in the aorta (upper right). The expres-
sion level of EP4 mRNA was maximal at E21 in the 
DA. *P < 0.05, **P < 0.01, #P < 0.001.

Figure 2
Effects of chronic EP4 stimulation on DA SMC migration. (A) Cell 
migration and HA production in response to long exposures (>24 
hours) to ONO-AE1-329 (10–6 M). SMC migration (bar graph) and HA 
secretion into the media (line graph) are shown. An increase in HA 
production in culture media was accompanied by the time-dependent 
increase in SMC migration. n = 4–8; **P < 0.01, #P < 0.001 compared 
with control. †P < 0.05, §P < 0.001 compared with HA production at 
24 hours. (B) ONO-AE1-329–induced HA production is responsible 
for increased migration. The ONO-AE1-329–induced SMC migration 
was significantly attenuated by daily exchange of culture media (EXC); 
addition of hyaluronidase (HAD) (0.02 mg/ml: HAD 0.02; 0.05 mg/ml: 
HAD 0.05) to culture media; or transfection with rat HAS2 siRNA (100 
pmol). HA (50 ng/ml: HA 50; 200 ng/ml: HA 200) alone was sufficient 
to stimulate DA SMC migration to the same or a higher level as was 
ONO-AE1-329 (10–6 M). n = 4; **P < 0.01, #P < 0.001 compared with 
control (10–6 M ONO-AE1-329).
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with ONO-AE1-329 alone (10–6 M) (Figure 2B). These findings 
indicate that EP4-induced HA production plays a critical role in 
SMC migration in DA.

EP4/PKA signaling profoundly increased HA synthesis in DA. We then 
performed an in-depth analysis of the role of PGE/EP4 signaling 
in HA production using cultured embryonic SMCs. PGE1, PGE2, 
and ONO-AE1-329 at 10–6 M dramatically increased (≥200-fold) 
the secretion of HA into culture media of SMCs from the DA but 
not from the aorta (Figure 3A). The PGE1-mediated increase in HA 
production, however, was almost abolished in the presence of ONO-
AE3-208 (10–6 M), an EP4-specific antagonist. In addition, we found 
that the siRNA for HAS2 also significantly inhibited the ONO-AE1-
329–mediated HA production (P < 0.001), although the level of HA 
production still remained higher when compared with control (Fig-
ure 3A); however, the siRNAs for HAS1 or a nontargeting negative 
control siRNA did not inhibit the ONO-AE1-329–mediated HA 
production, although the expression of HAS1 mRNA was signifi-
cantly decreased, by approximately 90% (data not shown). These 
data indicated that the HAS2 isoform was largely responsible for 
ONO-AE1-329–mediated HA production in DA SMCs. The result 
was consistent with previous studies demonstrating that HAS2 is a 
major isoform in vascular SMCs (29, 30). At 10–6 M, sulprostone, an 
EP1/3-selective agonist, and butaprost, an EP2-selective agonist, had 
little effect on HA secretion in DA SMCs (Figure 3A). HA produc-
tion was increased by ONO-AE1-329 in a dose- and time-dependent 
manner (Figure 3, B and C, respectively), indicating that EP4 was 
responsible for PGE-mediated HA production in the DA.

We further investigated the role of EP4 downstream signaling that 
regulates HA production. Forskolin (10–5 M), a direct activator of 
adenylyl cyclase that increases intracellular levels of cAMP, and a 
cAMP-dependent PKA activator, pCPT-cAMP (10–4 M), significantly 

increased HA production in DA, although they increased HA pro-
duction to a greater degree in aortic SMCs than in the DA (Figure 
3A). Furthermore, H89 (10–5 M), a PKA-specific inhibitor, markedly 
reduced the ONO-AE1-329–mediated increase in HA production; it 
was decreased to a comparable level in the absence of ONO-AE1-329 
in DA SMCs (Figure 3A). Taken together, the data indicate that PKA 
plays a primary role in EP4-mediated HA production in the DA.

TGF-β and PDGF-BB have been known as potent stimulators 
of HA production (12, 31). We found that TGF-β (10 ng/ml) or 
PDGF-BB (10 ng/ml) increased HA production in the DA and aor-
tic SMCs, although the stimulatory effect of TGF-β or PDGF-BB 
was much weaker in the DA than that of PGE2/EP4 (Figure 3A).

EP4 stimuli increased HAS transcripts in DA. We also examined which 
of the 3 HAS isoforms is/are affected by EP4 stimuli. Quantitative 
RT-PCR analyses revealed that ONO-AE1-329 (10–6 M) markedly 
increased the expression of Has1 and Has2 mRNAs, whereas Has3 
mRNA expression slightly increased in a time-dependent manner 
in DA SMCs (Figure 4A).

We then investigated the role of PKA in the EP4-mediated 
increase in Has2 transcripts. H89 (10–5 M) markedly attenuated the 
expression level of HAS2 mRNA induced by ONO-AE1-329 after a 
24-hour incubation (Figure 4B). In addition, pCPT-cAMP (10–4 M) 
significantly increased the expression level of Has2 mRNA in DA 
SMCs (Figure 4B). These data suggested that PKA directly regu-
lates the expression of Has2 mRNA and that EP4/PKA signaling 
plays a primary role in HA synthesis in DA SMCs, at least in part, 
by increasing the level of Has2 transcripts. TGF-β (10 ng/ml) and 
PDGF-BB (10 ng/ml) also increased the expression of Has2 mRNA, 
although they produced much lower levels of Has2 transcripts than 
ONO-AE1-329 after 24-hour stimulation (Figure 4B).

EP4 stimuli are essential for ICF in DA explants. ICF, a characteristic 
developmental remodeling process in the DA, is required for postna-
tal DA closure (12, 32). We found developing ICF in mature rat DA 
at E21, while immature DA at E19 lacked such ICF (Figure 5A). We 
found that when immature rat DA was exposed to ONO-AE1-329 
for 48 hours in organ culture, ICF was fully developed in DA explants 
and was accompanied by increased HA deposition (Figure 5B) and 
HAS2 transcript levels (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI28639DS1). 
ONO-AE1-329 also increased the number of Ki-67–positive cells in 
DA explants, suggesting that chronic EP4 stimuli also promoted cell 
proliferation (Figure 5B). In the absence of ONO-AE1-329, however, 

Figure 3
HA production is mediated by PGE/EP4/PKA signal in DA SMCs. (A) 
HA production after 48-hour stimulation with agents. PGE1, PGE2, and 
ONO-AE1-329 at 10–6 M dramatically increased HA production in the 
DA but not in the aorta. ONO-AE3-208 (10–6 M), an EP4 antagonist, 
almost abolished the effect of PGE1 (10–6 M). The ONO-AE1-329–
induced HA production was significantly attenuated by transfection with 
rat HAS2 siRNA (100 pmol) or H89. Forskolin (10–5 M) and pCPT-cAMP 
(10–4 M) significantly increased HA production in both the DA and aortic 
SMCs. Sulprostone (10–6 M), an EP1/3-selective agonist, and butaprost 
(10–6 M), an EP2-selective agonist, had little effect on HA secretion 
in DA SMCs. TGF-β (10 ng/ml) and PDGF-BB (10 ng/ml) significant-
ly increased HA production in the aorta but not in the DA. n = 4–8;  
**P < 0.01, #P < 0.001 compared with control. †P < 0.05, ††P < 0.01, 
§P < 0.001 compared with aorta. (B) Dose-dependent HA production 
after 48-hour stimulation with ONO-AE1-329. (C) Time-dependent HA 
production stimulated by 10–6 M ONO-AE1-329. n = 4; **P < 0.01,  
#P < 0.001 compared with control. ND, not done.
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rat DA remained immature, with visible poor ICF (Figure 5B). The 
intimal thickening was 2.4-fold greater in DA incubated with ONO-
AE1-329 (n = 6) than that in control (n = 5; P = 0.025). Promotion 
of intimal cushion formation by ONO-AE1-329 was absent in DA 
explants from EP4-disrupted mouse embryos (Supplemental Figure 
2), indicating that the effect of ONO-AE1-329 was specific for EP4.

In addition, ONO-AE1-329–mediated ICF was significantly inhib-
ited by H89 (10–5 M) (Figure 5B). H89 also decreased ONO-AE1-
329–mediated HA deposition and the number of Ki-67–positive 
cells. Furthermore, when PKA was overexpressed in immature rat DA 
explants using an adenovirus vector, in the absence of ONO-AE1-
329, the neointimal cushion became thicker (Figure 5B), with an 
increase in HA deposition (n = 3), than when GFP was overexpressed 
(Figure 6A). The intimal thickening was 2.0-fold greater in PKA-
overexpressing DA than that in GFP-overexpressing DA (P = 0.025). 
These data indicated that EP4/PKA stimuli promote ICF.

We then investigated whether EP4 signals play a critical role in 
ICF. The present study established that ICF was completely absent 
in DA from EP4-disrupted neonatal mice (Figure 5C), which was 
not well characterized in the previous studies (6, 7). Moreover, a 
marked reduction in HA production was found in EP4-disrupted 
DA, whereas a thick layer of HA deposit was present in wild-type DA 
(Figure 5C, lower panels). Thus, the features of EP4-disrupted DA 
(Figure 5C) were quite similar to those of immature rat DA (Figure 
5A). Results from these complementary experiments (Figure 5, B 
and C) suggest that EP4 signaling is essential for ICF in the DA. In 
addition to the well-known vasodilatory role of PGE2, our findings 
suggest that chronic PGE2/EP4 stimulation promotes ICF via HA 
production, narrowing the vascular lumen, and thus disruption of 
EP4 results in failure of permanent closure of the DA.

Has2 gene transfer was sufficient for ICF in DA explants. We then exam-
ined whether induction of HA production is sufficient for ICF in 
DA. When Has2 was overexpressed in immature rat DA explants 
using an adenovirus vector as previously described (33), the neointi-

mal cushion became thicker (Figure 6B), with strong HA deposi-
tion, than when GFP was overexpressed (Figure 6A). The size of the 
vascular lumen, accordingly, was significantly smaller in Has2-over-
expressing DA (Figure 6C). The number of Ki-67–positive cells was 
increased in Has2-overexpressing DA explants (Supplemental Fig-
ure 3). When indomethacin (10–5 M), a COX inhibitor, was adminis-
tered after Has2 or GFP gene transfer, the size of the vascular lumen 
was further decreased, whereas the thickness of intimal cushion 
remained unchanged (Figure 6, B and C).	Since indomethacin 
inhibits endogenous PGE2 production, it is most likely that the 
DA was constricted after the withdrawal of the vasodilatory effect 
of PGE2. In addition, when bovine testicular hyaluronidase (0.05 
mg/ml) was added in culture media, EP4-stimulated ICF, shown in 
Figure 5B, was significantly reduced (Figure 6, D and E).

Finally, we performed similar experiments using DA from EP4-
disrupted embryos. In EP4-disrupted embryos, Has2 gene transfer 
induced prominent ICF, with strong HA production, in the DA 
compared with control (Figure 6F). The intimal cushion thickness 
became significantly greater in Has2-overexpressing DA (Figure 
6G). Accordingly, these findings suggest that HA played a critical 
role in ICF and that Has2 gene transfer was sufficient to rescue 
impaired ICF in premature DA in rat embryos as well as in geneti-
cally defective DA in EP4-disrupted mice.

Discussion
In addition to the well-known vasodilatory role of PGE, our find-
ings indicate that chronic PGE stimulation via EP4 during gesta-
tion induces vascular remodeling of the DA to promote neointimal 
cushion formation and structural closure of the vascular lumen. 
Activation of the EP4/cAMP/PKA pathway increased transcription 
of the HAS2 gene and thus HA production. The EP4-mediated HA 
accumulation promoted DA SMC migration into the endothelial 
layer, resulting in the promotion of neointimal cushion forma-
tion. Interestingly, our findings are also reminiscent of the results 
in mice with disrupted Has2 gene, which failed to form similar sub-
intimal cushions for heart valves (34).

The physiological process of neointimal cushion formation in 
DA closely resembles the pathological process of neointimal thick-
ening caused by vascular injury or atherosclerosis in adult arteries 
(35). In this sense, Fischer’s group has demonstrated that PGE2-
EP2–mediated HAS2 induction plays an important role in neointi-
mal thickening during atherosclerosis (29) and during failure of 
venous bypass grafts (36). The present study and these data indi-
cate that PGE2 activates the cAMP/PKA pathway via EP4 in the DA 
or EP2 in adult arterial SMCs, respectively, resulting in the promo-
tion of neointimal formation accompanied by HA accumulation. 
We propose here that the PGE2/EP4/PKA signal promotes ICF in 
the DA from late gestation and that the DA remains open by the 
counteracting action of EP4, i.e., vasodilation. Withdrawal of EP4 
stimulation at the time of birth, by a rapid decrease in levels of 

Figure 4
EP4/PKA stimuli profoundly increased the level of Has2 transcripts in 
the DA. (A) Time-dependent HAS isoform mRNA induction by ONO-
AE1-329 (10–6 M). n = 4–8; *P < 0.05, **P < 0.01, #P < 0.001 compared 
with control. (B) Fold increase in HAS2 mRNA expression after 24-
hour stimulation with ONO-AE1-329 (10–6 M) in the absence or pres-
ence of H89 (10–5 M), pCPT-cAMP (10–4 M), TGF-β (10 ng/ml), and 
PDGF-BB (10 ng/ml). n = 4–8. **P < 0.01, #P < 0.001 compared with 
control. †P < 0.05, ††P < 0.01 compared with ONO-AE1-329.
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Figure 5
EP4 signaling is essential for ICF in the DA. (A) Developmental changes in ICF and HA production in rat DA. ICF was poor, with very little HA 
production at E19, whereas it became apparent with increased HA production at E21. At birth, the vascular lumen was filled by intimal cushion, 
and the DA was completely closed. DA intimal layers are also shown at higher magnification (middle row). HA production was visualized by by 
staining for HA-binding protein (HABP) (bottom row). Scale bars: 100 μm. (B) EP4/PKA stimuli promoted ICF in rat DA explants. ICF was fully 
developed and HABP -and Ki-67–positive staining was increased in DA explants in the presence of ONO-AE1-329 (10–6 M) or by adenovirus-
mediated PKA gene transfer (PKA adeno). ONO-AE1-329–mediated ICF was suppressed by adding H89 (10–5 M). Arrows indicate the basement 
membrane of DA. (C) Wild-type (left) and EP4-KO (right) DA at birth. ICF of the vascular lumen was absent in neonatal EP4-KO DA. A marked 
reduction in HA production was found in EP4-KO DA, whereas a thick layer of HA deposit was present in wild-type DA.
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Figure 6
Has2 gene transfer promotes ICF in the DA. 
(A) Immature rat DA overexpressing GFP 
or Has2. Indomethacin (10–5 M) was admin-
istered 72 hours after Has infection (+Ind). 
Scale bars: 100 μm. (B) Intimal cushion 
thickening was expressed as the percent 
of whole smooth muscle layer. (C) The size 
of the vascular lumen was compared in the 
same experiments. The neointimal cush-
ion became thicker and the size of vascular 
lumen was smaller in Has2-overexpressing 
DA. When indomethacin (10–5 M), a COX 
inhibitor, was administered 72 hours after 
Has2 or GFP gene transfer, the size of the 
vascular lumen was further decreased, 
whereas the thickness of intimal cushion 
remained unchanged. n = 5–10; **P < 0.01, 
#P < 0.001 compared with GFP. †P < 0.05 
with indomethacin versus without indo-
methacin. (D) Similar images of immature 
rat DA explants at E19 that were incubated 
with ONO-AE1-329 (10–6 M) in the absence 
(left) or presence (right) of hyaluronidase 
(0.05 mg/ml). Scale bars: 100 μm. (E) 
Changes in intimal cushion thickening 
expressed as percent of whole smooth 
muscle layer in ONO-AE1-329–stimulated 
DA in the absence or presence of HAD. 
EP4-mediated ICF was significantly atten-
uated in DA explants in the presence of 
HAD. n = 3; *P = 0.041. (F) Similar images 
of EP4-KO DA explants overexpressing 
GFP or Has2 at E18.5. Scale bars: 100 μm. 
(G) Changes in intimal cushion thickening 
in Has2-overexpressing EP4-KO DA. ICF 
was significantly increased in DA explants 
by HAS2 gene transfer. n = 3; ¶P = 0.035. 
SM, smooth muscle.
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circulating PGE2, would reduce its vasodilatory action on the DA, 
leading to rapid and functional closure of the DA. Accumulated 
HA still remains active and promotes SMC migration, leading to 
complete closure of the DA. The dual consequences of EP4 stimu-
lation during a perinatal period are thus integrated to prepare for 
postnatal closure of the DA (Figure 7). When a defect or develop-
mental delay occurs in EP4-mediated ICF, it may cause PDA, as 
shown in EP4-knockout mice (6, 7) and premature infants (16, 37). 
In this regard, mice with disruption of both COX-1 and COX-2 also 
exhibit PDA (8). The present study may thus provide a rationale to 
explain the paradoxical phenotype found in both EP4- and COX-1/ 
COX-2-knockout mice.

We found that the number of Ki-67–positive cells was increased 
in both EP4-stimulated and Has2-overexpressing DA explants. 
Previous studies have demonstrated that SMC proliferation is an 
important cellular process for ICF (1, 14, 38). Since a consider-
able number of studies have demonstrated that HA promotes cell 
proliferation (36), accumulated HA is likely to promote DA SMC 
proliferation. Using a [3H]thymidine incorporation assay, how-
ever, we found that neither ONO-AE1-329 nor HA itself increased 
[3H]thymidine incorporation in rat DA SMCs (Supplemental Fig-
ure 4). Therefore, cell proliferation did not influence the increase 
in ONO-AE1-329–mediated migration, at least at a cellular level. 
We currently cannot explain the discrepancy between the results 
of the in vitro and in vivo experiments. HA may affect other types 
of cells in ex vivo DA that secrete a proliferating factor. We need to 
further investigate the role of HA in SMC proliferation in the DA.

The potential outcome of the current results is the emergence 
of an alternative strategy for PDA treatment. COX inhibitors 
including indomethacin, which principally inhibit the produc-
tion of prostaglandins, have been widely used (4, 5). However, 
our data indicate that chronic PGE inhibition by COX inhibitors 
may prevent the anatomical DA remodeling. In fact, it is known 

that pregnant mothers taking 
indomethacin have a higher inci-
dence of delivering infants with 
PDA (9, 10). Long-term use of 
COX inhibitors for PDA treat-
ment might have a potent adverse 
effect on ICF as well. Our results 
from adenovirus-mediated Has2 
gene transfer, instead, suggest that 
ICF may be promoted by HA pro-
duction and does not necessarily 
require EP4 stimulation thereaf-
ter. These results imply that HAS-
mediated ICF may be achieved 
even after birth when EP4 signals 
are decreased. Importantly, Mason 
et al. have demonstrated that pre-
venting fibronectin-dependent 
ICF would be a feasible manipu-
lation to cause PDA as a mode of 
treatment of congenital heart dis-
eases (32). It should be noted that 
fibronectin and HA are not the 
sole constituents of extracellular 
matrix in DA intimal cushion (12, 
38). For example, versican, an HA-
binding proteoglycan, plays an 

important role in proliferation and migration of vascular SMCs 
(26). Tenascin, a hexameric glycoprotein, also has been known to 
regulate vascular SMC proliferation (39). Therefore, it remains to 
be determined whether HA induction alone is sufficient to form 
mature and functional cushion in the human infant. Nevertheless, 
the present study suggests that HAS activation in combination 
with PGE2 inhibition might be an effective strategy to treat PDA, 
especially in premature infants.

Methods
Animals and materials. We used Wistar rat embryos from timed-pregnant 
mothers (SLC). Generation and phenotypes of EP4-knockout mice have 
been described previously (6). All fetal mice were C57BL/6 background 
littermates from heterozygote crosses. All animal studies were approved 
by the Institutional Animal Care and Use Committees of Yokohama City 
University, Kyoto University, and the Medical University of South Carolina. 
ONO-AE1-329 and ONO-AE3-208 were provided by ONO Pharmaceuti-
cal Co. PGE2, sulprostone, butaprost, pCPT-cAMP, forskolin, elastase type 
II-A, trypsin inhibitor type I-S, bovine serum albumin V, penicillin-strep-
tomycin solution, DMEM, and HBSS were obtained from Sigma-Aldrich. 
PGE1, H89, and biotinylated HA-binding protein were from Calbiochem. 
HA, hyaluronidase (from bovine testis), PDGF-BB, indomethacin, and 10% 
buffered formalin were from Wako. Cyto Quick, Mayer’s hematoxylin, and 
htica van Gieson stain were from Muto Pure Chemicals Co. Latex-labeled 
HA-binding protein was from Fujirebio Inc. TGF-β was from Immuno-
Biological Laboratories Co. Anti–Ki-67 antibodies, peroxidase block-
ing reagent, and streptavidin peroxidase were from Dako. Collagenase II  
was from Worthington Biochemical Corp. Collagenase/dispase was from 
Roche Diagnostics. Fetal calf serum was from Biological Industries.  
siRNAs for HAS1 and HAS2 (HP GenomeWide siRNA) and PCR primers 
for HAS3 (QuantiTect Primer Assay) were from QIAGEN. TaqMan Gene 
Expression Assays and TaqMan Rodent GAPDH control reagents kits were 
from Applied Biosystems.

Figure 7
A schematic model of chronic PGE2/EP4 stimulation in DA. The PGE2/EP4/cAMP/PKA signal promotes 
HA production and thus ICF in the DA at late gestation, and the DA remains open by the counteracting 
action of EP4, i.e., vasodilation. Withdrawal of EP4 stimulation at the time of birth, by a rapid decrease in 
levels of circulating PGE2, would reduce its vasodilatory action on the DA, leading to rapid and complete 
closure of the DA. Accumulated HA still remains active and promotes SMC migration, leading to com-
plete closure of DA. Dual consequences of EP4 stimulation during a perinatal period are thus integrated 
to prepare for postnatal closure of the DA. AC, adenylyl cyclase; MLCK, myosin light chain kinase.
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Quantitative RT-PCR. Total RNA was isolated from pooled tissues of 1 
littermate of Wistar rat embryos, and generation of cDNA and RT-PCR 
analysis were done as described previously (40, 41). The primers for PCR 
amplification were designed based on the rat nucleotide sequences of pros-
tanoid receptors and HAS isoforms (Table 1).

Primary culture of rat DA SMCs. Vascular SMCs in primary culture were 
obtained from the DA and aorta of Wistar rat embryos at E21. Minced tis-
sues were transferred to 800 μl of collagenase/dispase enzyme mixture as 
described previously (42).

Transfection of DA SMCs with siRNA. Two double-stranded 21-bp siRNAs to 
the selected region of HAS1 cDNA or HAS2 cDNA were purchased from QIA-
GEN. The antisense siRNA sequences targeting HAS1 were 5′-UAGAAGAGC-
CUCAGCACCGdTdG-3′ and 5′-UUGAAGGCUACCCAGUAUCdTdT-3′. The 
antisense siRNA sequences targeting HAS2 were 5′-UUGGUUACCCAUGAAU-
UCCdTdG-3′ and 5′-UAUGAAAUUAACGACAAUGdGdT-3′. AllStars Nega-
tive Control siRNA (QIAGEN) was used as a control nonsilencing siRNA. 
DA SMCs were serum deprived and transfected with siRNA (100 pmol) using 
the Lipofectamine 2000 transfection reagent (Invitrogen) according to the 
instructions of the manufacturer. Cells were kept serum free for an additional 
24 hours before the initiation of the experiments.

SMC migration assay. The migration assay was performed using 24-well 
Transwell culture inserts with polycarbonate membranes (8-μm pores; 
Corning Inc.) without any coating materials. The DA SMCs were harvested 
with trypsin-EDTA, resuspended in serum-free DMEM, and distributed 
at a density of 1 × 105 cells/100 μl in the inserts. The cells were allowed to 
settle in serum-free DMEM for 1 hour before the addition of agents in the 
lower chamber. Under basal conditions, the lower chambers were filled 
with 600 μl serum-free DMEM. Then SMCs were allowed to migrate to 
the underside of the insert’s membrane at 37°C/5% CO2. At the end of 
the experiment, the cells were fixed in 10% buffered formalin. SMCs were 
stained with Cyto Quick (Muto Pure Chemicals), and cells on the upper 
surface of the membrane were mechanically removed with a cotton swab. 
Cells that migrated onto the lower surface of the membrane were manu-
ally counted from 3 different fields (0.5 mm2/field) under a microscope.

Quantitation of HA. The amount of HA in the cell culture supernatant 
was measured by a latex agglutination method based on the specific inter-
action of HA with the latex-labeled HA-binding protein from bovine car-
tilage (Fujirebio Inc.). HA was quantified in duplicate according to the 
instructions of the manufacturer using 2.5-μl aliquots of the conditioned 
cell culture medium using the HITACHI 7070 analysis system (Hitachi) 
at an 800-nm wavelength.

Cell proliferation assays. Cell proliferation was measured in DA SMCs using 
[3H]thymidine incorporation assays as described previously (42).

Adenovirus construction. Recombinant adenovirus, driving expression of 
murine Has2, was prepared as described previously (33). For construction 
of adenoviral vectors, full-length cDNA-encoding mouse alpha 1 catalytic 
subunit of PKA was cloned into the shuttle vector for construction of the 
adenoviral vector harboring PKA using an Adeno-X adenovirus construc-
tion kit (Clontech).

Organ culture. Fetal arteries including the DA and the aortic arch arteries 
were removed from the thoracic cavity. Adhesive connective tissues sur-
rounding arteries were carefully removed. Cut segments were then incubated 
with ONO-AE1-329 (10–6 M) for 48 hours in DMEM containing 0.1% fetal 
calf serum. For Has2 or PKA adenovirus infection, cut segments were infected 
with 1.2 × 107 PFU/ml of each adenovirus for 2 hours in DMEM containing 
0.5% fetal calf serum. After infection, the segments were cultured up to 6 days 
with humidified 5% CO2 and 95% ambient mixed air at 37°C. Explants were 
then fixed in 10% buffered formalin and embedded in paraffin. The sectioned 
segments in the middle portion of the DA were analyzed histochemically. 
Morphometric analyses were performed using Win ROOF software version 
5.0 (Mitani Corp.). ICF was defined as (neointima area/media area) × 100%. 
The average of at least 3 sections was used as the value for each tissue.

Tissue staining and immunohistochemistry. Paraffin-embedded blocks con-
taining DA tissues were prepared as previously described (42). HA staining 
was done as previously described (43). Briefly, the specimens were deparaf-
finized, rehydrated, and incubated for 5 minutes in peroxidase blocking 
reagent (Dako) to inactivate endogenous peroxidases. Tissue sections were 
incubated with biotinylated HA-binding protein (Calbiochem; 8 μg/ml) 
or anti–Ki-67 antibody (1:200 dilution; Dako) at room temperature for 
2 hours or at 4°C for 16 hours, respectively. The slides were sequentially 
incubated with streptavidin peroxidase at room temperature for 30 min-
utes and DAB chromogen substrate solution (Nichirei). The slides were 
counterstained with Mayer’s hematoxylin.

Statistics. Data are presented as mean ± SEM of independent experiments. 
Statistical analysis was performed between 2 groups by unpaired 2-tailed 
Student’s t test or unpaired t test with Welch correction and among mul-
tiple groups by 1-way ANOVA followed by Neuman-Keuls multiple com-
parison test. A P value of less than 0.05 was considered significant.
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