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The ductus arteriosus (DA) is a fetal shunt that connects the pulmonary artery to
the aorta, providing a pulmonary-to-systemic diversion that allows right
ventricular output to bypass the nonventilated fetal lungs [1]. Patency of the DA
is necessary for normal cardiovascular and pulmonary vascular development of
the fetus and is regulated by a fine balance of constricting and dilating forces [1,
2]. The main factors maintaining patency of the DA in the fetus are the relatively
hypoxic environment and the high levels of circulating prostaglandin (PG)E2,
and locally produced PGE2 and PGI2 [1, 3, 4].
Postnatal closure of the DA is an important step in normal cardio-pulmonary
transition and occurs in two phases. Initially, the increase in arterial O2 tension
at birth and the decrease in PG concentration and activity are key factors
stimulating DA constriction, which functionally limits luminal blood flow [1, 2, 4,
5]. After this functional occlusion has occurred, hypoxia and nutrition deprivation
of the medial layer of the DA results in the production of inflammatory mediators
and growth factors. These compounds subsequently induce fibrosis, resulting in
permanent anatomic closure of the DA [1, 2, 4, 5].
Premature birth interrupts development of DA contractile mechanisms and the
normal maturation process, leaving the immature DA more susceptible to
remain open after birth. This is partially explained by decreased sensitivity to
oxygen, diminished responsiveness to prostaglandin withdrawal at birth,
increased levels of PGs, nitric oxide (NO) and other vasodilatory stimuli, and
immaturity of the structural apparatus necessary for the constriction and
obliteration of the DA lumen [1, 3, 6-10]. Achieving definitive, anatomical closure
is challenged by the lower intrinsic tone of the premature DA and the increased
sensitivity to vasodilators hindering functional closure, explaining at least partly
why premature infants have a high rates of reopening of the DA [8]. Therefore,
preterm neonates, and more particularly those with gestational age < 30 weeks,
and birth weight < 1500 grams, are at increased risk for having a persistently
patent DA (PDA) [4, 11]. The resulting left-to-right shunt and hyperperfusion of
the pulmonary vascular bed often result in decreased lung compliance,
increased need for mechanical ventilation and altered postnatal nutrition and
growth [4, 11]. This situation has been classically related to an increased the
risk of adverse outcomes such as chronic lung disease [12], pulmonary
hemorrhage [13], renal hypoperfusion [7] or necrotizing enterocolitis [14].
However, although numerous studies have examined the association of various
neonatal morbidities in the presence of a PDA and their occurrence after
treatment, the cause-and-effect relationships remain unclear [15]. Therefore,
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over recent years, the clinical approach to PDA in the premature neonate has
been the subject of intensive reevaluation [16, 17].
The hope for future targeted therapies and for the prevention of PDA requires
knowledge of the fundamental mechanisms controlling its development and
pathogenesis [18]. Several mammalian models have helped to unravel the
biology and pathobiology of the DA and to understand the factors responsible
for its closure or patency after birth [19]. However, these models are technically
complex and experimental manipulations affect both the mother and the fetus.
Therefore, there is a need for additional models, addressing these limitations
[19]. In the last years, the chicken embryo has emerged as a suitable model for
the study of DA vascular biology [19-21]. The chicken embryo actually has the
longest continuous history as an experimental model for developmental biology
studies and has also contributed major concepts to immunology, genetics,
virology, cancer and cell biology [22]. As the chicken embryo develops outside
the mother, it allows for study of cardiovascular responses without the influence
of maternal physiology (i.e. hormonal, metabolic, hemodynamic) [19, 20, 23-25].
For the same reason it is relatively easy to monitor and maintain prenatal
conditions or to manipulate them. Our group and another laboratory have
characterized the developmental changes in the responsiveness of the chicken
DA to the vasoactive mediators involved in the control of fetal patency and
postnatal closure of mammalian DA. These include O2, PGs, endothelin-1,
catecholamines, carbon dioxide and nitric oxide (NO) [20, 26-32]. These studies
provide supportive evidence for a conserved mechanism for O2 sensing/
signaling in mammalian and non-mammalian DA [20, 21, 29, 30]. Moreover,
similarly to the mammalian DA [4, 33], the responsiveness of chicken DA to O2
and other vasoconstrictors is developmentally enhanced [20, 28, 34]. On the
other hand, the response to relaxant agents decreased with development [26,
29].
The aim of the present thesis was to delve into the developmental biology of the
DA, using the chicken embryo as model. Particularly, we further investigated the
mechanisms involved in the response of the chicken DA to oxygen and we
analyzed the effects of changing the oxygen tension during incubation on the
development of chicken DA. In addition, we studied vasoactive mediators, such
as H2S, isoprostanes or estrogen that had not yet been investigated in the DA of
any species.
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In chapter 1 we discuss the comparative biology of the mammalian and
the chicken ductus arteriosus. In spite of some anatomical and functional
differences, the chicken DA appears to be a suitable model to study DA
reactivity.
In chapter 2 we investigate the pathways by which the chicken DA’s
response to oxygen is mediated. The proposed mechanism for oxygen sensing
and signaling in mammalian DA, i.e. the mitochondrial electron transport chain
as oxygen sensor, H2O2 as mediator and voltage-gated potassium channels as
effector, modulated by calcium sensitization by (in)activation of Rho-kinase, also
applies to normoxic contraction in our chicken DA model.
DA development takes place under relatively hypoxic conditions. In
chapters 3 and 4 we examined whether changing these prenatal conditions,
i.e. making them more hypoxic or hyperoxic, alters the developmental trajectory
of the DA.
Besides nitric oxide (NO) and carbon monoxide (CO), hydrogen sulfide
(H2S) is a third gaseous messenger that may play a role in controlling vascular
tone and has been proposed to serve as an O2 sensor. However, whether H2S
is vasoactive in the ductus arteriosus (DA) has not yet been studied. The
mechanical responses of the chicken DA to these gaseous messengers are
examined in chapter 5.
Chapter 6 is dedicated to the role of isoprostanes in the control of
chicken DA tone. Isoprostanes are prostaglandin-like compounds produced
nonenzymatically by free radical-catalyzed peroxidation of arachidonate. While
PGs play a major role in DA homeostasis, the putative role of isoprostanes had
not yet been studied.
In Chapter 7, we analyzed the putative sexual dimorphism and the
influence of sex hormones on the reactivity of the chicken DA. Sex hormones
have an important influence on cardiovascular physiology and pathophysiology
and sex differences in vascular reactivity have been widely demonstrated in
several vascular beds but not in the DA.
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Chapter 1

Prenatal cardiovascular shunts in
mammals and chicken
Adapted from:
Prenatal cardiovascular shunts in amniotic vertebrates.
EM Dzialowski, T Sirsat, S van der Sterren, E Villamor
Respir Physiol Neurobiol. 2011 Aug 31;178(1):66-74
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1.1 Introduction
The prenatal developing cardiovascular system of amniotic vertebrates is
unique, complex and differs from the neonatal and adult circulation. A number of
functional prenatal vascular shunts have evolved to deal with the non-ventilation
of the lungs, the source of nutrients (placenta and yolk sac), and the reliance on
the embryonic gas exchanger; the chorioallantoic membrane (CAM) in
oviparous and the placenta in placental mammals. These vascular shunts
provide preferential distribution of oxygen to various organs and also function as
a partial bypass of the lungs. In this chapter, we first examine the comparative
anatomy and patterns of blood flow of the prenatal shunts in mammals and
chicken. We then discuss the regulation and closure of the fetal shunts.

1.2 Comparative anatomy of prenatal shunts
1.2.1 Mammalian shunts
The developing mammalian fetus has a number of functional venous and
arterial shunts (Figure 1.1A). The ductus venosus (DV) is a shunt that diverts
oxygenated blood returning to the fetus from the umbilical vein away from the
liver and to the inferior vena cava and eventually the foramen ovale and left
atrium. A functional DV has been described in fetuses of humans, mice, rats,
dogs, cats, and many other mammals [1]. In pig fetuses, the DV disappears
during early prenatal life [1]. The two other shunts, the ductus arteriosus (DA)
and foramen ovale are involved in a right-to-left shunt away from the right side
of the heart and pulmonary circuit and towards the systemic circuit. The foramen
ovale, arises from a bifurcation of the inferior vena cava and DV returning to the
heart [2]. One branch feeds the right atrium and the second branch forms the
foramen ovale into the left atrium. It functions as a wind sleeve to divert venous
return to the left side of the heart. The third shunt, the DA, is a fetal vessel
derived from the sixth aortic arch that connects the pulmonary artery with the
aorta. This provides a shunt of right cardiac output away from the nonventilating lungs and to the descending aorta, the placenta, and lower body.
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Fig. 1.1. Schematic representations of the prenatal circulation in (A) the mammalian fetus and (B)
the avian embryo. Paths with arrows represent the right-to-left shunts in each group. Red paths
represent oxygenated blood and blue paths represent less well oxygenated blood. (A) The foramen
ovale (FO) and the ductus arteriosus (DA) provide a right-to-left shunt in the mammals. (B) The
atrial foramina (AF) and two DA provide a right-to-left shunt in the birds.
AF, atrial foramina; CAM, chorioallantoic membrane; DA, ductus arteriosus; RDA, right ductus
arteriosus; LDA, left ductus arteriosus; DV, ductus venosus; FO, foramen ovale; IVC, inferior vena
cava; SVC, superior vena cava; RA, right atrium; LA left atrium; RV, right ventricle; LV, left ventricle;
PA, pulmonary artery; RPA, right pulmonary artery; LPA, left pulmonary artery; R. Lung, right lung; L.
Lung, left lung.

1.2.2 Chicken Shunts
The chicken embryo has two of the embryonic shunts found in mammals during
development (Figure 1.1B). As with the mammalian fetus, the avian embryo has
a right-to-left shunt through the DA. The mammalian fetus has a single DA
connecting the aorta and pulmonary artery. In contrast, the avian embryo has
two DAs present during embryonic development. The right and left DA branch
from the right and left pulmonary artery and join with the aorta to form the
descending aorta, supplying blood to the lower body and CAM. There is an
intra-cardiac shunt in the embryonic avian heart through perforations or
foramina in the wall separating the right and left atrium. This atrial shunt
functions in much the same way as the foramen ovale in the mammalian fetus,
allowing posterior venous return to flow from the right atria into the left atria [3].
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While the DV has been described in early chicken embryos, it disappears during
development [4]. Thus, a DV is present during the first seven days of chick
development as liver and hepatic circulation begins to develop. By the end of
the seventh day, the DV is absorbed by the developing liver [4] and is not
present in later stages of the chicken embryo [3]. Blood returning from the CAM
via the allantoic vein is directed back to the heart through the left hepatic vein
[3]. Absence of a DV during later stages of embryonic development may in part
be due to the source of nutrients in the avian embryo, whose liver receives
nutrient rich blood from the yolk sac through the mesenteric and vitelline veins.
In comparison, the liver of the mammalian fetus receives nutrient rich blood
from the placenta through the umbilical vein.

1.3 Blood flow and oxygen saturation
1.3.1 Mammalian
During fetal stages, the circulation patterns of developing mammals are
relatively well characterized. Because of the complete separation of the adult
heart and pulmonary and systemic circulation, the right and left cardiac output
are equal. In contrast, total cardiac output of the developing mammalian fetus is
unequally divided between the right ventricle and left ventricle [5]. In human and
sheep fetuses, right ventricular cardiac output accounts for between 53 and
60% of total cardiac output, while left ventricular output ranges between 40 and
47% of the total cardiac output [6, 7]. From the blood ejected by the right
ventricle, only 10-15% passes through the lungs, the remaining 85-90% passing
through the DA to the descending aorta [8]. In addition, due to the right-to-left
shunt of blood through the DA, blood flow returning from the lungs to the left
atria is low and makes only a small contribution to left ventricular output. The
major contribution of left ventricular output comes from the foramen ovale [7, 9].
Mielke and Benda [7] found that foramen ovale blood flow contributed 76% of
left ventricular output and 33% to 34% of combined cardiac output in human
and lamb fetuses respectively. Foramen ovale blood flow is influenced by
changes in pulmonary vascular resistance [8]. Oxygenated blood from the
umbilical vein that has bypassed the liver through the DV makes up a large
proportion of venous return to the heart via the foramen ovale. The partial
pressure of oxygen (Po2) in the umbilical vein is around 4.7 kPa and fetal blood
is 80-90% saturated [10]. The proportion of umbilical blood shunted away from
the liver and through the DV during control conditions ranges between 34 to
70% [1]. In several mammalian species, including humans, fetal inferior venous
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return is arranged in a manner by which blood from the DV and hepatic veins
preferentially enters the left heart via the foramen ovale to supply the coronary
arteries and brain with well oxygenated blood [11]. Thus, the Po2 of blood
supplying the heart, brain, head, and neck is 0.5 to 0.7 kPa higher than that of
blood in the descending aorta. The shunt of blood directed to the liver is a
greater proportion of umbilical return in humans than other mammals [12, 13].
Shunting through the DV increases upon exposure to maternal hypoxia [12, 14].
1.3.2 Chicken
Shunting patterns in the chicken embryo have been less well characterized
because it has been more difficult to measure shunting in ovo. Unlike mammals,
where the DA is located superior to the heart and connects the aorta and
pulmonary artery near their exit from the heart, chicken DAs are located deep in
the thoracic cavity, dorsal to the esophagus and heart. This location deep within
the body makes it difficult to place blood flow probes around the DAs for in situ
blood flow measurements. Therefore, studies of embryonic blood flow patterns
in bird embryos have typically involved injecting dyes or microspheres into the
allantoic vein and examining where they are trapped.
Using dye injection, White [3] examined flow patterns of anterior and posterior
venous return through the late stage embryonic chicken heart. The posterior
venous channel receives oxygenated blood returning from the allantoic vein. As
with the mammalian foramen ovale, the majority of blood (73.5%; [3]) entering
the right atria from the posterior venous channel is shunted through the intraatrial perforations and into the left ventricle and aortic arch. The remaining
blood, returning from the posterior venous channel flows to the right ventricle.
Deoxygenated blood returning from the head region via the anterior vena cava
preferentially flows through the right side of the heart and into the pulmonary
arteries and DA (Figure 1.1B). It is expected that the majority of blood flow in the
pulmonary arteries by-passes the lungs and is shunted to the dorsal aorta
through the DA [15]. The diameter of the pulmonary arteries at the junction with
the DA is smaller than that of the DA, supporting this view of preferential flow to
the DA. A high percentage of the blood from the DA flows to the CAM for
oxygenation.
One of the differences between the mammalian fetus and avian embryo is the
timing of changes in the vascular shunts at birth and hatching (Figure 1.2).
Because mammals lose their fetal respiratory organ and circulation as soon as
they are born, the shunts within the mammalian neonate must close rapidly
upon birth and initiation of lung ventilation. However, the chicken embryo relies
on both their lungs and CAM during the longer hatching process (Figure 1.2A).
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Using microspheres, Rahn et al. [16] showed that there is an increase in blood
flow to the lungs and a decrease in blood flow to the CAM with hatching. Prior to
the initiation of hatching, very few microspheres were found in the lung of day
17-19 chicken embryos. As White [3] found, the majority of venous return from
the allantoic vein encounters a right-to-left shunt through the intra-atrial
foramina and the DA. Tazawa and Takenaka [15] estimated that approximately
60% of the posterior venous return follows the right-to-left shunt through these
perforations. During hatching, the embryo first internally pips the inner
membrane and begins to respire on hypoxic gas in the air cell. At this point, the
embryo relies on both the CAM and the lungs for oxygen uptake. This suggests
that flow through the DA is decreasing as flow through the pulmonary arteries
increases. During internal pipping, the embryo is able to alter the right-to-left
shunt in response to hypoxic or hyperoxic exposure at either the air cell or the
CAM [17]. Flow to both the CAM and brain in relation to the lungs increased
after changing the air cell gas from the normal value of 10% O2 to more hypoxic
5% O2. The opposite response was seen when the air cell gas was made
hyperoxic. These changes in blood flow pattern mirror the changes in the
contribution to O2 uptake at the lungs and the CAM [17]. These changes
suggest that flow through the intra-atrial foramina and DA changes in response
to alterations in O2 availability at the lungs, most likely through decreases in
resistance of the pulmonary circuit and increased resistance in the systemic
arterial circuit as CAM circulation gradually decreases. Between 8 and 24 hours
later, the embryo externally pips the eggshell and begins to respire normoxic air.
At this point, blood flow to the CAM approaches 0 and approximately 90% of the
microspheres were found in the lungs. Upon hatching all of the microspheres
were found in the lungs. These changes in blood flow patterns to the lungs,
CAM, and embryo mirror those of the changes in DA lumen diameter (Figure
1.2B; [18]).
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Fig. 1.2.
Cardiovascular changes in
the chicken embryo during
hatching. (A) Right atrial
blood flow to the lungs
and the CAM prior to and
during hatching [16]. (B)
Lumen diameter of the
right and left DA in the
hatching chicken [18]. (C)
O2 induced contraction of
the right DA [18] and
arterial blood gas tensions
[19] during hatching.

In response to hypoxic exposure, the chicken embryo is able to redistribute
blood flow among the different organs. As with mammals, there is a general
increase in flow to the heart and brain of the embryo during anoxic exposure
after day 14 of incubation [20, 21]. Associated with the increase in heart and
brain blood flow is a decrease in flow to the liver and intestines. Flow to the
CAM increases significantly after anoxic exposure during days 14 to 16.
Changes in response to less drastic O2 levels are unknown.
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1.4 DA regulation and closure
1.4.1 Mammalian DA
The physiology and closure of the DA has been best studied in mammalian
models. The DA is distinguished from the surrounding vasculature by its
embryologic derivation from the sixth aortic arch, the contribution of migratory
neural crest cells, and exquisite sensitivity to oxygen tension [22, 23]. In
mammals, low oxygen tension, high levels of circulating prostaglandin (PG)E2,
and locally produced PGE2 and PGI2 are the main factors maintaining DA
patency in utero [24]. The timing of closure of the DA after birth varies between
species, but in humans it is usually completed within 48 hours [25]. In the full
term infant, closure of the DA at birth occurs in two phases. The first phase, the
‘functional’ closure of the lumen, occurs within the first hours after birth as
smooth muscle constricts. Several events promote DA constriction in the full
term human newborn: 1) the increase in arterial Po2, 2) the decrease in blood
pressure within the ductus lumen (due to the postnatal decrease in pulmonary
vascular resistance), 3) the decrease in circulating PGE2 (due to the loss of
placental PG production and the increase in PGs removal by the lung), as well
as the decrease in the number of PGE2 receptors in the ductus wall [24, 25].
Constriction produces ischemic hypoxia of the vessel wall because the full-term
human DA is a thick-walled muscular vessel that requires blood flowing both
through its lumen and through the vasa vasorum to provide adequate oxygen
delivery to its cells. DA constriction after birth diminishes blood flow from both of
these sources, leading to profound hypoxia in the vessel wall [26]. Hypoxia
inhibits local production of PGE2 and nitric oxide (NO) and induces production of
growth factors. Thus, the first phase of functional closure leads to the second
phase that involves ‘anatomic’ lumen occlusion and remodeling over the next
several days due to extensive neointimal thickening and loss of smooth muscle
cells from the inner muscle media [24, 25].
Very recently, Echtler et al. [27] proposed a model of closure of mice DA in
which the initial constriction results in changes in the DA wall which adopts a
prothrombotic phenotype with endothelial activation, deposition of von
Willebrand factor and fibrin(ogen), and eventually endothelial cell detachment
from the internal elastic lamina, leading to collagen exposure. This process
triggers the accumulation of platelets circulating in the residual DA lumen and a
platelet plug that seals the residual lumen is formed. In preterm human infants,
like in mice, the DA is a much thinner vessel, able to extract all of the oxygen it
needs from blood flow within its lumen. Therefore, and even when it does
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constrict, the premature DA frequently fails to develop profound hypoxia and
neointimal expansion is markedly diminished [26]. The underdeveloped
neointimal mounds fail to occlude the residual lumen and, as a result, the DA
remains patent. Future research should address the question of whether platelet
aggregation and thrombus formation can substitute for the lack of neointimal
mounds in preterm human infants [26]. Echtler et al. [27] also demonstrated that
thrombocytopenia was an independent predictor for failure of DA closure in
preterm human newborns. However, their findings have not been confirmed by
other investigators [28, 29].
1.4.1.1 Oxygen and mammalian DA
As mentioned above, the increase in O2 tension at birth is a key factor
stimulating DA constriction which precedes the anatomical and permanent
closure of the vessel [24-26]. The DA smooth muscle cell is the site of oxygensensing, whereas the endothelium releases vasoactive substances that are
important in modulating DA tone [30, 31]. DA smooth muscle cells belong to
those specialized cell types that sense local O2 tension, which include, among
others, glomus cells of the carotid body, neuroepithelial cells in the lungs and
smooth muscle cells of the resistance pulmonary arteries and of the
fetoplacental arteries [30]. Interestingly, the pulmonary and the fetoplacental
arteries contract in response to a decrease in O2 tension, whereas the DA
contracts when O2 levels increase at birth. Decades of subsequent studies have
failed to provide consensus on the mechanism for oxygen-induced DA
constriction, possibly because multiple interacting pathways are involved [32].
The current two most accepted schemes, which are not mutually exclusive [32,
33], involve oxygen sensing/signaling 1) through redox state and ion channels
and 2) through a cytochrome P450 (CYP450)/ET-1 complex. We will discuss
these schemes in the following paragraphs.

Redox state and ion channels
Generation of reactive oxygen species (ROS), including superoxide anion and
H2O2, may represent the earliest step in oxygen sensing by the DA.
Mitochondria are critical for ROS generation, through the activity of specific
mitochondrial enzymes (e.g., NADPH oxidase) and the electron transport chain
(ETC). Membrane NADPH oxidase appears to be another source of ROS. In
addition, activation of neutral sphingomyelinase, production of ceramide and
subsequent NADPH oxidase-derived ROS might represent an amplification
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pathway downstream the mitochondrial sensor. The effects of ROS are
mediated through redox-sensitive, voltage-gated potassium channels (Kv
channels) [34, 35].
Inhibition of Kv channels results in membrane depolarization, and Ca2+ entry
through voltage operated Ca2+ channels (VOCC) [34, 35]. Ca2+ entry through
store-operated channels [36-38] or its release from intracellular stores [39] may
also contribute to the normoxic contraction of the DA [35]. ROS-mediated
activation and induction of Rho kinase has been identified as another
downstream effector of the ductal O2-sensing system in mammalian DA [36, 37,
40]. Rho/Rho-kinase pathways can induce calcium sensitization sustaining
vasoconstriction as a result of persistent myosin light-chain phosphorylation [37,
40].
CYP450/ET-1 complex
In brief, it is postulated that a CYP450 of the 3A subfamily, identified with
CYP3A13 in the mouse, acts as the main oxygen sensor and links with ET-1,
serving as the effector for the sustained contraction [33, 41]. A hitherto
uncharacterized CYP3A-based monooxygenase product would serve as the
messenger from the sensor to the effector. In addition, a direct action of oxygen
on ET-1 production would reinforce ductal contraction [33, 41]. As pointed out
above, the two pathways proposed for oxygen-induced contraction of the DA
are not mutually exclusive since ET-1 can increase ROS production [42, 43],
can interfere with K+ channel function [33, 39, 44] or can signal through Rho
kinase inhibition [45]. Further investigation is required to determine whether
links exist between these signaling systems to actively mediate oxygen-induced
DA constriction.
1.4.1.2 Prostaglandins and mammalian DA
PGs are products of PG endoperoxide H synthase types 1 and 2, commonly
referred to as cyclooxygenase-1 and cyclooxygenase-2 (COX-1 and COX-2).
The COX product prostaglandin endoperoxide H2 is then converted by specific
synthases to one of several different prostanoids, including PGE2, PGD2, PGI2,
PGF2α, and TXA2 [46]. As mentioned above, considerable evidence supports a
major role for PGE2 in maintaining mammalian fetal patency and for the rapid
decline in PGE2 levels as trigger of DA closure after birth (see [24, 47] for
reviews). In blood vessels, PGE2 acts on four different prostanoid receptors:
EP1, EP2, EP3 and EP4. Both EP2- and EP4-receptor subtypes mediate PGE2
relaxation through a cyclic AMP (cAMP) -dependent mechanism [48]. EP1 is a
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constrictive receptor and EP3 induces a decline in cAMP, inhibiting smooth
muscle relaxation [48]. The main receptor responsible for PGE2-induced DA
relaxation varies among mammalian species and was reported as EP4 in rabbits
[47, 49, 50], mice [51], rats [52], lambs [53], baboon [53], and humans [54], and
as EP2 in pigs [55] and lambs [56]. The cAMP-inhibiting EP3 receptor is also
present in the rabbit and piglet DA, modulating the dilating effect of PGE2 [47,
49, 50, 55]. In contrast, stimulation of EP3 receptor in the lamb DA produces not
contraction but relaxation via a cAMP-independent pathway [56].
1.4.1.3 Other vasoactive pathways participating in the control of
mammalian DA tone
Besides oxygen and PGs, the mammalian DA is sensitive to a wide range of
vasoactive mediators [47, 57]. These include nitric oxide (NO), ET-1,
catecholamines, carbon monoxide, vasoconstrictor prostanoids, plateletactivating factor (PAF), adenosine, or atrial natriuretic peptide (ANP), among
others [47, 57], The multiplicity of these contractile systems seems at odds with
the relatively simple physiological role of the DA [47]. This can be explained by
the fact that the two main systems that vary at birth, namely oxygen tension and
PGE2, act synergistically to modulate the response of the DA to other
vasoactive agents [47, 57].
1.4.2. Chicken DA
The chicken DA is the result of the fusion of two vessels with different
embryological origin, morphology and functionality. The pulmonary side consists
almost exclusively of neural crest derived cells, shows the structure of a
muscular artery and responds to O2 with contraction, whereas the aortic part is
of mesodermal origin, shows the morphology of an elastic artery and relaxes in
response to O2 [18, 22, 38, 58-60]. Thus, the pulmonary side would be the “real”
sixth aortic arch-derived DA, whereas the aortic side is the result of the
incorporation of dorsal aorta tissue [22]. The two parts of the DA show marked
quantitative differences in the response to vasoactive agents and, most
strikingly, qualitative differences in the response to O2 (as shown in Table 1.1)
[38, 59, 61-63].
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Table 1.1. Effect of vasoactive mediators in the pulmonary (PulmDA) and the aortic (AoDA) side of
chicken DA.
Vasoactive

Nature or mechanism of

Effect in

Effect in

Ref.

agent

action

PulmDA

AoDA

Oxygen

Gaseous mediator

Contraction

≠

Relaxation

(59)

KCl

Depolarizing agent

Contraction

<

Contraction

(59)

PGE2

Prostaglandin

Contraction1

>

Contraction

(62)

Norepinephrine

Adrenoceptor agonist

Contraction

>

Contraction

(59)

U46619

TP receptor agonist

Contraction

>

Contraction

(59)

Isoproterenol

β-adrenoceptor agonist

Relaxation

>

Relaxation

(62)

Forskolin

Adenylyl cyclase activator

Relaxation

>

Relaxation

(62)

Milrinone

Phosphodiesterase-3

Relaxation

>

Relaxation

(62)

inhibitor
Acetylcholine

Muscarinic agonist

Relaxation2

<

Relaxation

(61)

SNP

NO-donor

Relaxation

<

Relaxation

(61)

BAY 41-2272

sGC stimulator

Relaxation

<

Relaxation

(61)

CO2

Gaseous mediator

Relaxation

=

Relaxation

(63)

1In

the presence of TP receptor blockade, PGE2 evokes relaxation
> 3 μM of acetylcholine evoke contraction

2Concentrations

1.4.2.1 Oxygen and chicken DA
Closure of the chicken DA begins during the external pipping stage of hatching
when the embryo begins to respire normoxic air with its lungs [18]. This DA
constriction coincides with an increase in arterial blood oxygen levels [15],
increased O2-induced contraction, and is complete by two days post-hatching
[18]. Very recently, our group and other laboratory have characterized a
mechanism implicating the mitochondrial electron transport chain as sensor,
H2O2 as mediator, and Kv channels and Rho kinase as effectors of O2-induced
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contraction in the chicken DA ([38] and present Thesis), similar to that found in
the mammalian DA. In addition, the postnatal increase in O2 is not only one the
main trigger for constriction of the chicken DA but also has a profound
modulatory effect on other vasoactive systems favoring the action of
vasoconstrictors and decreasing the action of vasodilators [59, 61, 62].
1.4.2.2 Prostaglandins and chicken DA
In contrast to the DA of the lamb, mouse, rat, rabbit, or pig [47], the avian DA did
not contract in response to cyclooxygenase (COX) inhibitors, suggesting that
locally derived prostanoids do not exert a tonic vascular effect [38, 59, 64].
However, in a recent study we demonstrated a COX-mediated basal production
of PGE2, PGF2α. and TXA2 by the chicken DA, which indicates that COX is
effectively active in this vessel [65]. Agren et al. [62] characterized the response
of the chicken DA to PGE2 and found that in the 15-d chicken DA, PGE2 elicited
a relaxant response, whereas in 19-d DA it caused contraction. Interestingly, TP
receptor occupancy either by an agonist (U46619) or an antagonist (SQ29,548)
resulted in the appearance or the increase of the relaxant response to PGE2.
This is consistent with a stimulatory action of PGE2 on TP receptors.
Nevertheless, the relaxant potency and efficacy of PGE2 in the chicken DA,
even after blocking its effect on the TP receptor, was very low. Very recently,
Greyner & Dzialowski [38] confirmed the contractile effects of PGE2, PGD2, and
PGF2α in the chicken DA. Therefore, it appears that during embryonic
development there is little tonic effect of local PGs on mediating relaxation of
the chicken DA and that prostanoids are more likely to be vasoconstrictors.
1.4.2.3 Endothelium-dependent relaxation and contraction in chicken
DA
Endothelial cells control the tone of the underlying vascular smooth muscle cells
by releasing various relaxing and contracting factors [66]. The main
vasoconstrictors are ET-1 and TXA2, while at least three endothelium derived
relaxant factors (EDRF) have been found. These include NO, PGs (mainly
prostacyclin, PGI2) and a yet unidentified factor called endothelium-derived
hyperpolarizing factor (EDHF, [67-70]. Endothelium-dependent agonists such as
acetylcholine and bradykinin, in addition to physical vascular stimuli such as
shear stress, stimulate endothelial cells to release NO, PGI2 and EDHF [71].
The contribution of each of these factors to endothelium-dependent
vasodilatation varies across vascular beds and also with the physiological or
pharmacological stimuli used to stimulate the endothelium [68, 72].

28

The endothelium is also an important modulator of the vascular tone of the
chicken DA during in ovo life and during its closure at hatching [61, 62].
Acetylcholine induces a concentration-dependent response in DA in fetal
chickens. Low concentrations induce endothelium-dependent relaxation of the
chicken DA mediated via NO and EDHF. High concentrations induce an
endothelium-dependent contraction. Oxygen-induced contraction of the DA is
also modulated by the endothelium: increases with inhibition of NO synthase or
soluble guanylate cyclase and decreases in the presence of ET-1 receptor
blockers [59].
Endothelial damage is common to numerous vascular diseases but,
interestingly, occurs as a normal developmental process in the DA. When
examined by scanning electron microscopy, the endothelium of the DA from the
fetus prior to internal pipping shows a smooth and continuous surface [61]. In
contrast, the intimal surface of DAs harvested from externally-pipped embryos
has an irregular endothelial lining with protrusion and detachment of endothelial
cells, leaving large areas of exposed subendothelial tissue [61]. This process of
endothelial detachment has been confirmed by other investigators [18] and is
accompanied by a marked impairment in NO production and endotheliummediated relaxation.
As mentioned above, the predominant action of acetylcholine (ACh) in most
vascular beds is endothelium-dependent relaxation [66, 73]. However, it is
known that in some blood vessels, and under certain conditions, ACh may
induce a contractile response through the release of one or more EDCFs
[74-76] or by direct stimulation of muscarinic receptors in smooth muscle cells
[77, 78]. ACh-induced vasoconstricition varies among species and vascular
beds and frequently depends on the vascular tone. Thus under resting tone
conditions ACh induces contraction, whereas when the vessels are
precontracted with an agonist ACh induces relaxation [79-81]. Schuurman and
Villamor [65] demonstrated that ACh, at a concentration >1 µM, induced an
endothelium-dependent contraction of chicken DA through stimulation of
muscarinic receptors. This contraction is mediated by a COX-1 metabolite and
involves stimulation of TP receptors. Therefore, ACh evokes endotheliumdependent contraction and relaxation in the chicken DA.
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1.4.2.4 Other vasoactive pathways participating in the control of chicken
DA tone
Besides oxygen, PGs and Ach, the chicken DA is also responsive to
catecholamines [59], NO [61], ET-1 [61], adenylate cyclase activation [62] and
phosphodiesterase [62].
For some of these vasoactive mediators, it was observed a marked difference in
responsiveness between the pulmonary and the aortic side of the DA (Table
1.1), suggesting the presence of certain selectivity for the DA. Also
developmental changes have been observed for the majority of these
vasoactive mediators (see below).
1.4.2.5 Developmental changes in chicken DA reactivity
To ensure proper constriction after birth, the mammalian DA acquires vasoactive
competence early in development and changes in responsiveness with
advancing gestational age [22, 24, 47]. Similarly, the chicken DA undergoes a
developmental increase in its contractile responsiveness [59, 64] and a
developmental decrease in its responsiveness to several relaxant agonists [61,
62] (Table 1.2).
In the chicken DA a significant contraction to high-potassium depolarizing
solution is present in the 15-day embryo (0.7 incubation), indicating that at this
developmental stage DA smooth muscle cells are already equipped with
contractile proteins and a mature excitation-contraction coupling [59]. The
relative small increase in the response to depolarization between 15 and 19
days (2-fold), compared to the increase in carotid and femoral arteries (5-7-fold)
[82], implies an early maturation of the smooth muscle in the DA. In contrast,
the 15-day DA did not respond to O2 or α-adrenoceptor agonists, but the
presence of responses to the thromboxane A2 mimetic U46619 and ET-1
indicates that pharmacomechanical coupling is also developed rather early in
this vessel [59].
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Table 1.2. Developmental changes in the response of chicken pulmDA to vasoactive mediators

Vasoactive

Nature/mechanism

15-d DA

19-d DA

21-d DA

Ref

agent

of action

Oxygen

Gaseous mediator

No response ≠

Contraction <

Contraction

(59)

KCl

Depolarizing agent

Contraction

<

Contraction <

Contraction

(59)

4-AP

KV-channel blocker

Contraction

<

Contraction <

Contraction

(59)

Norepinephrine

Adrenoceptor agonist

No response ≠

Contraction <

Contraction

(59)

Phenylephrine

α-adrenoceptor

No response ≠

Contraction <

Contraction

(59)

.

agonist
U46619

TP receptor agonist

Contraction

<

Contraction =

Contraction

(59)

Endothelin-1

Polipeptide

Contraction

<

Contraction >

Contraction

(59)

ACh (≥ 3 µM)

Muscarinic agonist

Contraction

<

Contraction >

Contraction

(65)

PGE2

Prostaglandin

Relaxation

≠

Contraction ≠

No response

(62)

PGE2

Prostaglandin

Relaxation

>

Relaxation

>

Relaxation

(62)

ACh (<3 µM)

Muscarinic agonist

Relaxation

>

Relaxation

>

Relaxation

(61)

SNP

NO-donor

Relaxation

=

Relaxation

>

Relaxation

(61)

Isoproterenol

β-adrenoceptor

Relaxation

=

Relaxation

>

Relaxation

(62)

(+TP-blockade)

agonist
BAY 41-2272

sGC stimulator

Relaxation

=

Relaxation

=

Relaxation

(61)

8-Br cGMP

cGMP analog

Relaxation

=

Relaxation

=

Relaxation

(61)

Forskolin

Adenylyl cyclase

Relaxation

=

Relaxation

=

Relaxation

(62)

Relaxation

<

Relaxation

=

Relaxation

(62)

activator
Milrinone

Phosphodiesterase-3
inhibitor
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As mentioned above, the immature (15-day) chicken DA was unresponsive to
oxygen and α-adrenoceptor agonists [59]. Interestingly, the time course of
catecholamines in the plasma of chicken embryos is characterized by a
maximum of epinephrine and NE at day 19, shortly before lung ventilation (i.e.
internal pipping) is initiated [83, 84]. This process of internal pipping is also
accompanied by an increase in O2 concentration. Agren et al. [59] observed that
the efficacy (but not the potency) of NE increased when 19-day DA were
bubbled with high O2 concentrations. In addition, when 21-day DA was
precontracted with NE, the O2-evoked response was larger than under basal
conditions. It can be speculated that the presence of higher O2 tension, higher
catecholamines concentrations, the positive interactions between O2- and NEinduced contractions, and a developmental increase in the sensitivity of DA to
these vasoactive mediators are critical factors involved in the closure of chicken
DA during transition to ex ovo life [59].
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Abstract
The increase in O2 tension after birth is a major factor stimulating ductus
arteriosus (DA) constriction and closure. Here we studied the role of the
mitochondrial electron transport chain (ETC) as sensor, H2O2 as mediator, and
voltage-gated potassium (KV) channels and Rho kinase as effectors of O2induced contraction in the chicken DA during fetal development. Switching from
0% to 21% O2 contracted the pulmonary side of the mature DA (mature pDA)
but had no effect in immature pDA and relaxed the aortic side of the mature DA
(mature aDA). This contraction of the pDA was attenuated by inhibitors of the
mitochondrial ETC and by the H2O2 scavenger polyethylene glycol (PEG)catalase. Moreover, O2 increased reactive oxygen species (ROS) production,
measured with the fluorescent probes dihydroethidium and 2’,7’-dichlorofluorescein, only in mature pDA. The H2O2 analog t-butyl-hydroperoxide
mimicked the responses to O2 in the three vessels. In contrast to immature pDA
cells, mature pDA cells exhibited high-amplitude O2-sensitive potassium
currents. The KV channel blocker 4-aminopyridine prevented the current
inhibition elicited by O2. The L-type Ca2 (CaL) channel blocker nifedipine and the
Rho kinase inhibitors Y-27632 and hydroxyfasudil induced a similar relaxation
when mature pDA were stimulated with O2 or H2O2. Moreover, the sensitivity to
these drugs increased with maturation. Our results indicate the presence of a
common mechanism for O 2 sensing/signaling in mammalian and
nonmammalian DA and favor the idea that, rather than a single mechanism, a
parallel maturation of the sensor and effectors is critical for O2 sensitivity
appearance during development.
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2.1 Introduction
The ductus arteriosus (DA) is an artery that connects the main pulmonary artery
with the aorta during fetal life. DA smooth muscle cells (DASMC) belong to
those specialized cell types that sense local O2 tension, which include, among
others, glomus cells of the carotid body, neuroepithelial cells in the lungs, and
smooth muscle cells of the resistance pulmonary arteries and of the
fetoplacental arteries (4, 38). In term infants, the increase in O2 tension at birth
is a key factor stimulating DA constriction, which precedes the anatomic and
permanent closure of the vessel (9, 29). In contrast, the DA from preterm babies
is frequently unresponsive to O2 and less likely to constrict after birth. Failure of
DA closure in very preterm infants is associated with several comorbidities, such
as necrotizing enterocolitis, intracranial hemorrhage, pulmonary edema/
hemorrhage, bronchopulmonary dysplasia, and retinopathy (9). Thus a better
understanding of the mechanisms involved in the maturation of the DA response
to O2 may have direct clinical application.
Although the response to a change in O2 is diametrically opposite, the
mechanisms responsible for smooth muscle contraction in hypoxic pulmonary
vasoconstriction and normoxic contraction of the DA appear to be virtually the
same (25, 38). In the DA, O2-induced constriction is thought to be mediated by
the inhibition of voltage-gated potassium (KV) channels, resulting in membrane
depolarization, and Ca2 entry through voltage-operated Ca2 channels (22, 23,
34). Michelakis et al. (23) proposed a model in which a rise in O2 modulates the
function of the mitochondrial electron transport chain (ETC, the sensor), leading
to an increased production of H2O2 (the mediator) that causes the inhibition of
KV channels (the effector). Very recently, Rho kinase was identified as another
downstream effector of the O2-sensing system in the DA (11, 17, 18).
In recent years, the chicken embryo/fetus has emerged as an excellent model
for the study of DA vascular biology (1, 16, 31). Our group and another
laboratory have characterized the developmental changes in the
responsiveness of the chicken DA to O2 as well as to other vasoactive agonists
including prostaglandins, nitric oxide (NO), and catecholamines. We found (1)
that responsiveness of chicken DA to O2 was developmentally regulated. It was
very weak or absent at day 15 but present at day 19 of incubation (term is 21
days). A peculiar feature of the chicken DA is the presence of morphological and
functional heterogeneity along its path between the pulmonary artery and the
aorta (1, 6, 7). Thus the pulmonary side shows the structure of a muscular
artery and responds to O2 with contraction, i.e., similar to the mammalian DA,
whereas the aortic part shows the morphology of an elastic artery and relaxes in
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response to O2 (1, 7, 16). Therefore, by comparison of the portion of the vessel
that responds to O2 with contraction (i.e., the pulmonary side of the 19- to 20day DA) with the portion that responds with relaxation (i.e., the aortic side of the
19- to 20-day DA) and the portion unresponsive to O2 (i.e., the pulmonary side
of the 15-day DA), the chicken DA offers a unique model to obtain information
about the maturation of the mechanisms involved in O2 responsiveness. In the
present study, we aimed to investigate the involvement of the mitochondrial ETC
as sensor, H2O2 as mediator, and KV channels and Rho kinase as effectors of
O2-induced contraction in the DA of developing fetal chickens.

2.2 Methods
Experiments were performed in accordance with the Spanish and Dutch laws
for animal experimentation, and the procedures were approved by our
institutional review boards.
2.2.1 Egg incubation and vessel isolation
Fertilized eggs of White Leghorn chickens were incubated at 37.8°C and 45%
humidity and rotated once per hour (incubator model 25HS, Masalles
Comercial). Embryos were incubated for 15 or 19–20 days of the 21-day
incubation period. For clarity, we refer to immature DA (15 days) or mature DA
(19–20 days) based on their ability to respond to acute changes in O2. On the
experimental day, the fetuses were killed by decapitation and both the right and
the left DA were carefully dissected and severed distal to the takeoff of the
pulmonary arteries and proximal to the insertion into the aorta. Each DA was
divided in two segments referred to as pulmonary and aortic DA (pDA and aDA,
respectively). The boundary between the pDA and the aDA was determined on
the basis of the marked differences of diameter observed along the vessel (1,
35). The junction between the two segments was discarded for experiments.
2.2.2 Recording of arterial reactivity
Two stainless steel wires (diameter 40 µm) were inserted into the lumen of the
DA, which was mounted as a ring segment between an isometric force
transducer and a displacement device in a myograph (Danish Myo Technology
model 610M, Aarhus, Denmark). The myograph organ bath (5-ml vol) was filled
with Krebs-Ringer bicarbonate buffer (in mmol/l: 118.5 NaCl, 4.75 KCl, 1.2
MgSO4˙7H2O, 1.2 KH2PO4, 25 NaHCO3, 2.5 CaCl2, and 5.5 glucose)
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maintained at 39°C and continuously aerated with 0% O2 - 95% N2 - 5% CO2
(PO2 2.6–3.3 kPa). Each DA was stretched to its individual optimal lumen
diameter, i.e., the diameter at which it developed the strongest contractile
response to KCl (62.5 x10-3 M), with a diameter-tension protocol as previously
described (1, 36). The response of the DA rings to oxygen was assessed by
bubbling the organ chamber with 21% O2 - 74% N2 - 5% CO2 (PO2 17–19 kPa).
2.2.3 Determination of reactive oxygen species
Reactive oxygen species (ROS) generation in isolated DA was assessed with
2’,7’-dichlorofluorescein (DCF) or dihydroethidium (DHE), which detect mainly
H2O2 and superoxide, respectively. Endothelium-denuded DA were incubated
with the membrane-permeant diacetate form of DCF (DCFDA, 10-5 M) or with
DHE (10-5 M) for 60 min. DA were then placed in the stage of a fluorescent
inverted microscope (Leica DM IRB, Wetzlar, Germany) and superfused at 2 ml/
min with a physiological salt solution (PSS) of the following composition (in
mmol/l): 130 NaCl, 5 KCl, 1.2 MgCl2, 1.8 CaCl2, 10 glucose, and 10 HEPES (pH
7.3 with NaOH). During the first 30 min the tissues were maintained under
hypoxia, induced by bubbling the PSS solution with 100% N2 to achieve a PO2
of ≈ 3–4 kPa in the chamber. Once fluorescence values were stable,
preparations were challenged with normoxic solution for 5 min. DA were
illuminated through the luminal surface with a 450–490 nm (for DCF) or 530-nm
(for DHE) band-pass filter. The emitted fluorescence was filtered with 515-nm
(for DCF) or 610-nm (for DHE) long-pass emission filters. Images were taken at
1-min intervals with a Leica DC300F color digital camera. Fluorescence, after
subtraction of background, was quantified with ImageJ (version 1.32j, National
Institutes of Health; http://rsb.info.nih/ij/). Intensity values are reported as a
percentage of the values before the normoxic challenge.
2.2.4 Electrophysiological studies
DASMC were isolated by enzymatic digestion. Briefly, DA rings were opened
along their longitudinal axis and placed into a nominally calcium-free PSS (Ca2+free PSS). To establish a hypoxic environment during the DASMC isolation
procedure, the O2 scavenger sodium dithionite (0.8 x10-3 M; pH adjusted to 7.4
with NaOH) was included in the Ca2+-free PSS as reported previously (26).
Tissues were initially incubated at 4°C in this solution containing elastase I (0.28
mg/ml) for 5 min. Thereafter, preparations were incubated at 37°C in a low-Ca2+
(10-5 M) PSS containing collagenase I (1 mg/ml), collagenase XI (1 mg/ml),
papain (0.15 mg/ml), and dithiothreitol (1.5 mg/ml) for an additional 5 min.
Afterwards, tissues were washed in Ca2+-free PSS and disaggregated with a
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wide-bore, smooth-tipped pipette. Cells were then placed in a perfusion
chamber on the stage of an inverted microscope. After a brief period of time
(~10 min) to allow cells to adhere to the bottom of the chamber, cells were
superfused with hypoxic Ca2+-free PSS (in the absence of sodium dithionite) at
a rate of 2 ml/min. Hypoxia was induced as described in Determination of
reactive oxygen species. Cells were kept in hypoxia for at least 30 min before
initiation of the experiment. Normoxia was established by bubbling the solution
with room air. Membrane currents were recorded with the whole cell
configuration of the patch-clamp technique, normalized for cell capacitance and
expressed in picoamperes per picofarads as previously described (12, 13).
Currents were recorded under essentially Ca2+-free conditions with an external
Ca2+-free PSS (see above) and a Ca2+-free pipette (internal) solution containing
(in mmol/l) 110 KCl, 1.2 MgCl2, 5 Na2ATP, 10 HEPES, 10 EGTA, pH adjusted to
7.3 with KOH. EGTA and ATP were included in the pipette solution to minimize
the component of ATP-dependent and Ca2+-activated K+ currents. Under these
conditions, currents were evoked after the application of 200-ms depolarizing
pulses from -60 mV to test potentials from -60 mV to +60 mV in 10-mV
increments.
2.2.5 Western blot analysis
After dissection, DA were immediately frozen in liquid nitrogen and
homogenized as previously described (13). The protein content was determined
with the Bradford assay (reagents from Bio-Rad). Western blotting was
performed with 20 µg of protein per lane. SDS-PAGE (7.5% acrylamide)
electrophoresis was performed with the method of Laemmli in a minigel system
(Bio-Rad). Samples from mature pDA, immature pDA, and mature aDA were
run in parallel. The proteins were transferred to polyvinylidene difluoride (PVDF)
membranes overnight at 4°C and incubated with rabbit anti-KV1.5 primary
antibody and then with horseradish peroxidase-conjugated anti-rabbit
secondary antibody. The bands were visualized by chemiluminescence (ECL,
Amersham). Results are expressed relative to α-actin expression in each
sample.
2.2.6 RT-PCR analysis
Total RNA was isolated and purified from DA homogenates with the RNeasy
Fibrous Tissue Mini kit (Qiagen). Total RNA was reverse transcribed into cDNA
with the iScript cDNA Synthesis Kit (Bio-Rad) according to manufacturer’s
instructions. Real-time PCR was performed with a Taqman system (RocheApplied Biosystems, Mannheim, Germany) in the Unidad de Genomica,
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Universidad Complutense de Madrid. Specific primers were designed for
chicken superoxide dismutase (SOD)1 (right 5’-GGTCCGGTAAGAGAAATGACAG-3’ and left 5’-GACCTCGGCAATGTGACTG-3’), SOD2 (right 5’-ATATGACCCCCACCATTGAA-3’ and left 5’-GCTGGCAAAAGGTGATGTTAC-3’), catalase
(right 5’-TGGATCCTTCAAATGAGTCTGA-3’ and left 5’-GATGCAATGTTGTTTCCATCC-3’), and GAPDH (right 5’-ACCATGTAGTTCAGATCGATGAAG- 3’ and
left 5’-GTCCTCTCTGGCAAAGTCCA-3’).
2.2.7 Data analysis
Values are expressed as means ± SE. Contractions are expressed in terms of
active wall tension (N/m), calculated as the force divided by twice the length of
the segment. Relaxations are expressed as a percentage of decrease of the
initial tone previously induced by O2, t-butyl-hydroperoxide, or KCl. Sensitivity
[expressed as apparent affinity (pD2) = -log EC50] to agonists was determined
for each artery by fitting individual concentration-response data to a nonlinear
sigmoidal regression curve (GraphPad Prism version 2.01; GraphPad Software,
San Diego, CA). Differences between mean values were assessed by one-way
ANOVA followed by Bonferroni post hoc t-test. Nonpaired t-tests were used if
only two groups were compared. Differences were considered significant at P <
0.05.

Fig. 2.1. Heterogeneity of oxygen-induced response in ductus arteriosus (DA) preparations.
Representative traces (A) and mean data (B) showing the responses induced bij 21% O2 in mature
pulmonary DA (pDA), immature pDA, and mature aortic DA (aoDA). Results are means ± S; n = 6-9.
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Fig. 2.2. Inhibition of mitochondrial electron transport chain (ETC) blunts O2-induced constriction in
mature pDA. Representative traces (A-C) and mean data (D) show the responses induced bij 21%
O2 in the absence (control) or in the presence of complex I (rotenone) or complex III (myxothiazol
and antimycin A) inhibitors. Results are means ± SE; n = 5-9. **P < 0.01 vs. control (ANOVA
followed by Bonferroni’s test).
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2.3 Results
2.3.1 O2-induced contractions and effects of ETC inhibitors
After an equilibration period of 45 min in hypoxia (0% O2), vessels were
exposed to normoxia (21% O2) for 10 min. O2 induced a contractile response in
mature pDA but not in immature pDA as we had previously reported (1),
whereas in mature aDA it even caused a relaxant response (Fig. 2.1). O2induced contraction in mature pDA was easily reversible when returning to
hypoxia and highly reproducible in two consecutive challenges (Fig. 2.2A). Thus
each vessel was exposed twice to normoxia. To test the role of the
mitochondrial ETC, the second challenge to normoxia was elicited in the
absence or presence of inhibitors. The contraction induced by O2 was abolished
by rotenone (10-6 M), an inhibitor of complex I of the mitochondrial ETC.
However, at this concentration rotenone had no effect on the contraction
induced by the thromboxane A2 mimetic U-46619 (102 ± 2% and 96 ± 3% of a
previous stimulation with U-46619, in the absence and the presence of
rotenone, respectively; P > 0.05, n = 4–5). Inhibition of the ETC complex III with
antimycin A (10-6 M) or myxothiazol (10-7 M) also blunted O2-induced constriction
(Fig. 2). At the concentrations used, antimycin A induced a slight decrease (Fig.
2.2B) and myxothiazol a slight increase (Fig. 2.2C) of the basal tone.
2.3.2 Role of ROS as mediators
Mature pDA exhibited an increase in DHE fluorescence following 5-min
exposure to 21% O2, and this effect was prevented by the SOD mimetic tiron
(10-5 M), indicating increased superoxide generation (Fig. 2.3A). Thereafter, we
tested the effects of normoxia in DA incubated with DCF, a dye widely used for
detecting H2O2. A marked elevation in DCF fluorescence was found in mature
pDA after normoxic challenge (Fig. 2.3, B and C). This effect was evident within
the first minute of normoxic challenge. In contrast, normoxia did not increase
DCF fluorescence in either immature pDA or mature aDA.
We also examined the mRNA expression of SOD1, SOD2, and catalase (Fig.
2.4). Compared with immature pDA, mature pDA had lower expression of SOD1
but similar expression of SOD2 and catalase. SOD1 and SOD2 were similarly
expressed in mature pDA and aDA, whereas catalase was twofold higher in
mature aDA than in pDA. In addition, the contraction of mature pDA evoked by
normoxia in the presence of the membrane-permeant analog of the H2O2
scavenger catalase [polyethylene glycol (PEG)-catalase 100 U/ml] only reached
51 ± 12% of that obtained under control conditions.
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Fig. 2.3. Normoxia selectively increases reactive oxygen species (ROS) production in mature pDA.
A: changes in dihydroethidium (DHE) fluorescence induced by normoxie in mature pDA incubated
with vehicle (control) or the superoxide dismutase mimetic tiron (10-5 M). B and C: time course (B)
and representative pictures (C) of the changes in 2’,7’-dichlorofluorescein (DCF) fluorescence
following exposure to 21% O2 in mature pDA, immature pDA, and mature aDA. Pictures were taken
from the same vessel before and after 5-min exposure to normoxia. Results are means ± SE; n =
3-6. P < 0.05 vs. *immature pDA and #mature aDA (ANOVA followed by Bonferroni’s test).
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In the next set of experiments, the effect of the membranepermeant H2O2
analog t-butyl-hydroperoxide (10-5 M–10-4 M) was tested. The H2O2 analog had
no contractile effect on immature pDA but caused a concentration-dependent
contraction of mature pDA (Fig. 2.5, A and C). In contrast, t-butylhydroperoxide
relaxed mature aDA (Fig. 2.5,B and C) in a concentration-dependent manner.
Therefore, application of the H2O2 analog mimicked the effects of normoxia on
the three vessels.

Fig. 2.4. Expression of superoxide dismutase (SOD)1 (A), SOD2 (B), and catalase (C) analyzed by
RT-PCR. Results are normalized to GAPDH and represent means ± SE; n = 6. *P < 0.05 vs. mature
pDA (ANOVA followed by Bonferroni’s test).

2.3.3 Role of voltage-gated potassium channels as effectors
Addition of the KV channel blocker 4-aminopyridine (4-AP, 10-2 M) contracted
immature pDA and mature pDA and aDA. The contractile responses induced by
the KV channel blocker were significantly smaller in immature pDA (0.14 ± 0.01
N/m, n = 5) compared with mature pDA (0.43 ± 0.04 N/m, n = 12) and aDA (0.48
± 0.04 N/m, n = 8). However, no significant differences were found between
vessels when values were expressed as a percentage of a previous response to
KCl (79 ± 11%, 67 ± 6%, 82 ± 10% for immature pDA, mature pDA, and mature
aDA, respectively).
The possible modulation of KV channels by normoxia was tested in isolated
DASMC with the patch-clamp technique. Potassium current amplitudes were
about threefold higher in cells isolated from mature pDA than in those from
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immature pDA (Fig. 2.6A). Currents present in cells from mature pDA were
markedly inhibited by normoxia, whereas no effects were observed in DASMC
isolated from immature pDA (Fig. 2.6, B and C). Addition of the KV channel
blocker 4-AP (10-3 M) inhibited the current to a similar extent in mature and
immature DASMC (Fig. 2.6, D and E), whereas at 10-2 M the potassium current
in mature pDA cells was nearly abolished (not shown). Moreover, in the
presence of 4-AP (10-3 M), the effects of normoxia in mature pDA cells were
prevented. To test whether the difference in the effect of normoxia on potassium
currents was caused by different KV1.5 protein content, we analyzed its
expression in immature pDA, mature pDA, and mature aDA. Surprisingly, the
expression of KV1.5 channels was lower in mature pDA than in immature pDA or
mature aDA (Fig. 2.6, F and G).
2.3.4 Role of Ca2 channels as effectors
The inhibitory effect of normoxia on KV currents is expected to activate L-type
Ca2 (CaL) channels, contributing to O2-induced constriction. Consistent with this,
incubation with the CaL channel blocker nifedipine inhibited the contractile
response to O2 in mature pDA (Fig. 2.7). Additionally, O2-induced constriction
was nearly blunted in the absence of extracellular calcium. Nifedipine also
relaxed pDA previously contracted with O2. Interestingly, nifedipine caused a
similar relaxant response in mature pDA contracted with 21% O2 or with t-butylhydroperoxide (10-4 M) (Fig. 2.7D).
In another set of experiments, DA were initially contracted with KCl (62.5 x10-3
M), and thereafter nifedipine was added in a cumulative fashion. A concentration
of 10-5 M nifedipine was needed to achieve a near-full relaxant effect in KClcontracted mature pDA (Fig. 2.8A). Moreover, immature pDA were less sensitive
to nifedipine than mature pDA. To test whether this difference was due to a
maturation of CaL channels we tested the effects of the CaL opener BAY K8644.
This drug had no effects in immature pDA but contracted mature pDA in a
concentration-dependent manner (Fig. 2.8B). This contractile response was
suppressed in the presence of nifedipine (not shown). Finally, pretreatment with
BAY K8644 did not modify the contractile response to O2 in mature (98 ± 11% of
the response to oxygen in the absence of the drug, P < 0.05; Fig. 2.8C) or
immature (Fig. 2.8D) pDA.
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Fig. 2.5. H2O2 analog t-butyl-hydroperoxide mimics the effects of normoxia in chicken DA.
Representative pictures (A and B) and mean data (C) show responses induced by t-butylhydroperoxide (10-5 - 10-4 M) in mature pDA, immature pDA, and mature aDA. Results are means ±
SE; n = 4-6. P < 0.01 vs. **immature pDA and ##mature aDA (ANOVA followed by Bonferroni’s test).
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Fig. 2.6. Normoxia inhibits voltage-gated potassium (KV) currents in DA smooth muscle cells
(DASMC) isolated from mature but not from immature pDA. A: potassium current traces are shown
for depolarization pulses from -60 mV to +60 mV from a holding potential of -60 mV in mature and
immature pDASMC before (hypoxia) and after 5 min under normoxic conditions. B and C: current
(I)-voltage relationships of potassium currents recorded in immature (n = 4) or mature (n = 6)
pDASMC) under hypoxic or normoxic conditions. D: potassium current trace from a mature DASMC
elicited when stepping to +30 mV under hypoxic conditions in the absence or the presence of 4aminipyridine (4-AP, 10-3 M). Subsequent switch to normoxic solution in the continuous presence of
4-AP was without effect. E: mean data of the inhibitory effects of 4-AP or 4-AP + normoxia on the
current elicited at +30 mV in mature or immature pDASMC. F and G: protein expression go KV1.5
channels analyzed by Western blot in immature pDA, mature pDA, and mature aDA. Blots were
reprobed with smooth muscle α-actin as a loading control. Results are normalized to α-actin. *P <
0.05 vs. mature aDA and immature pDA.

2.3.5 Role of Rho kinase as effector
In mature pDA stimulated with 21% O2, the addition of Rho kinase inhibitors
hydroxyfasudil or Y-27632 induced a concentration-dependent relaxation (Fig.
2.9). Interestingly, contractions induced by O2 and t-butyl-hydroperoxide showed
a similar sensitivity to hydroxyfasudil (pD2 = 5.82 ± 0.16 and 5.68 ± 0.176,
respectively, P > 0.05; Fig. 2.9C) and to Y-27632 (pD2 = 5.92 ± 0.16 and 5.79 ±
0.2, respectively, P > 0.05; Fig. 2.9D). In the last series of experiments, we
examined the relaxation induced by the two Rho kinase inhibitors in mature
pDA, mature aDA, and immature pDA stimulated with KCl. The potency of
hydroxyfasudil (Fig. 2.9E) and Y-27632 (Fig. 2.9F) was higher in mature pDA
(pD2 = 5.75 ± 0.13 and 6.37 ± 0.1, respectively) than in immature pDA (pD2 =
5.22 ± 0.11 and 5.51 ± 0.13, respectively; P <0.05 vs. mature pDA for both
drugs). Moreover, both drugs showed a similar potency to relax mature aDA
(pD2 = 5.71 ± 0.14 and 6.11 ± 0.13 for hydroxyfasudil and Y-27632, respectively)
compared with pDA (data above).
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Fig. 2.7. Inhibition of L-type Ca2+ (CaL) channels attenuates O2-induced constriction. A and B:
representative tracings showing 2 consecutive responses to 21% O2 in mature pDA. The second
exposure to O2 was elicited after incubation with nifedipine (A) or 0 Ca2+ + EDTA (B). C: mean data
of the second contraction induced by 21% O2 (expressed as % of 1st response) after incubation with
vehicle (control), nifedipine, or 0 Ca2+ + EDTA. D: concentration-dependent relaxant responses of
nifedipine in mature pDA stimulated with 21% O2 or t-butyl-hydroperoxide (10-4 M). Responses are
means ± SE; n = 5-6. *P < 0.05, **P < 0.01 vs. control (ANOVA followed by Bonferroni’s test).
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Fig. 2.8. Maturational changes in the response to dihydropyridines. A and B: concentrationdependent responses to nifedipine (A) and BAY K8644 (B) in immature and mature pDA.
Experiments were performed under hypoxic conditions, and the relaxant responses to nifedipine
were tested in DA stimulated with KCl (62.5 x 10-3 M). C and D: representative traces showing the
inability of BAY K8644 to affect responses to O2 in mature (C) and immature (D) pDA. Results are
means ± SE; n = 5-9.
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Fig. 2.9. Rho kinase inhibition reverses O2 and t-butyl-hydroperoxide constriction in mature pDA. AD: representative traces and mean data showing that hydroxyfasudil (A and C) and Y-27632 (B and
D) relaxed the contraction induced by 21% O2 and t-butyl-hydroperoxide (10-4 M) in a concentrationdependent manner. E and F: relaxant responses induced by hydroxyfasudil (E) and Y-27632 (F) in
immature pDA and mature pDA stimulated with KCl (62.5 x 10-3 M). Results are means ± SE; n =
6-8.
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2.4 Discussion
The preparation of the DA for its specific task of postnatal closure is reflected in
critical maturational changes in reactivity (1–3, 9, 29). The chicken lacks the
limitations of most available models and has arisen as an excellent model for
studying the developmental biology of the DA (31). In the present study, we
have examined the developmental changes in the cellular mechanisms (sensor,
mediator, and effectors) involved in the chicken DA response to O2. Our results
can be summarized as follows:
1) Contraction induced by O2 is restricted to the mature pulmonary side of
the DA.
2) This response is nearly abolished by mitochondrial ETC inhibitors.
3) Normoxia increases ROS production in the pulmonary side of mature DA
but not in the immature DA or in the aortic side.
4) Exogenous addition of the H2O2 analog t-butyl-hydroperoxide mimics the
effects of normoxia in all vessels tested.
5) KV currents change during development from low-amplitude O2insensitive currents in immature pDA to high-amplitude O2-sensitive
currents in mature pDA.
6) The inhibition of CaL channels and Rho kinase attenuates the normoxic
constriction.
2.4.1 Mitochondria as sensor
Mitochondria have been proposed as O2 sensors in several specialized O2sensing tissues such as the resistance pulmonary arteries, glomus cells of the
carotid body, fetal adrenomedullary chromaffin cells, and the DA (4, 14, 23, 37,
38, 40). Michelakis et al. (23) reported that complex I and complex III ETC
inhibitors fully relaxed O2 constriction in human DA. In the chicken DA, the
inhibition of complex I or III also abolishes the contractile response to O2 (Ref.
16 and present study). The effect of the complex I inhibitor rotenone was
selective since the contraction induced by U-46619 was not affected.
H2O2 as mediator. An increased production of ROS (specifically H2O2) has been
proposed to underlie the O2 response in mammalian DA (18, 23, 27). Here, we
found that normoxia augmented fluorescence to DHE, which mainly detects
changes in cytosolic concentrations of superoxide. The increase in DHE
fluorescence was prevented by the superoxide mimetic tiron, confirming that it
was due to the elevation in superoxide levels. Superoxide is rapidly dismuted by
SOD to H2O2, a stable and mobile molecule that is more likely to act as the
signaling mediator. Thus we measured the changes in H2O2 levels by using the
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fluorescent dye DCF. O2 increased the fluorescence to DCF in mature pDA, but
not in either mature aDA or immature pDA. Therefore, the three preparations
exhibit a profound parallelism in terms of tension generation and H2O2
production after normoxia. Moreover, O2 induces contraction and increases
H2O2 production in the DA with a similar time course. Another argument in favor
of H2O2 as the O2 mediator in the chicken DA was the marked attenuation of the
O2 constriction following the application of the H2O2 scavenger PEG-catalase. In
accordance with this, Greyner and Dzialowski (16) observed that the H2O2
scavenger N-mercaptopropionylglycine relaxed O2-induced contraction in the
mature pDA. Furthermore, in striking similarity with O2, the H2O2 analog t-butylhydroperoxide contracted mature pDA, had no effect on immature pDA, and
relaxed mature aDA. In mammalian DA, H2O2 has been shown to induce
constriction because of its ability to inhibit KV channels (23, 27) and to activate
Rho kinase (18), which are considered effectors of the O2 response (see below).
In the chicken DA, nifedipine (which reverses depolarization-induced
contraction) and Rho kinase inhibitors relaxed O2- and H2O2-induced
contraction with a similar potency and efficacy, which is also consistent with the
involvement of H2O2 as the mediator molecule of the O2 response.
2.4.2 KV channels as effectors
In rabbit (27, 39) and human (23) DA it has been reported that O2 inhibits KV
channels, depolarizes membrane potential, and causes vasoconstriction. In our
previous study (1), we found that the chicken DA constricts in response to the
KV channel inhibitor 4-AP, whereas the inhibition of ATP-dependent and largeconductance Ca2-activated K channels caused no effect, suggesting that KV
channels are the predominant K channels controlling chicken DA tone. Those
experiments were performed in the central portion of the DA, which contains a
similar proportion of tissue from pulmonary and aortic sides. Here we observed
that the inhibition of KV channels causes a comparable vasoconstriction in the
pulmonary and aortic sides of mature DA. Similar results have been recently
reported (16). In addition, no differences were found in the response to 4-AP
between mature and immature pDA when values were normalized to a previous
response to KCl. Altogether these data indicate that under basal conditions KV
channels make a similar contribution in controlling tone in the chicken DA
regardless of gestational age or the portion of the vessel studied.
This is the first study examining potassium currents in the chicken DA. Under
our experimental conditions, KV channels were the main contributors to the total
outward current in both mature and immature pDASMC as evidenced by the
sensitivity to 4-AP. Perfusion with normoxic solution dramatically decreased KV
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current amplitude in mature pDA. Therefore, in agreement with studies
performed in mammals, our present work identifies the presence of O2-sensitive
KV channels in the chicken DA. These data support the idea that the KV channel
inhibition in response to O2 is preserved during evolution, as recently suggested
(31).
Inhibition of KV channels leads to membrane depolarization activation of CaL
channels, increase in intracellular Ca2, and vasoconstriction (12, 22, 24, 32, 38).
Thus KV channel inhibition could be a key mechanism mediating O2-induced
contraction in the chicken DA, as previously reported in mammals (23, 25, 27,
28). In agreement with this notion, the contractile response to O2 was partly
inhibited by the CaL channel blocker nifedipine and nearly abolished in the
absence of extracellular calcium (present work and Ref. 16). It is very likely that,
apart from CaL channel opening, Ca2 entry through store-operated channels (11,
16, 17) or its release from intracellular stores (19) may also contribute to the
normoxic contraction. Interestingly, compared with other chicken vascular beds
(like the pulmonary arteries; unpublished observations) the DA appears to be
less sensitive to dihydropyridines, as evidenced by the low potencies of BAY
K8644 to induce contraction and of nifedipine to relax KCl constriction. This may
explain the relatively high concentration of nifedipine (106 M) needed to
significantly reduce O2-induced contraction.
2.4.3 Rho kinase as effector
Activation of Rho kinase can phosphorylate the 130-kDa myosin binding subunit
of myosin light chain phosphatase, causing its inhibition. This prevents myosin
light chain dephosphorylation and hence increases Ca2 sensitivity and smooth
muscle contractility. Thus Rho kinasemediated Ca2 sensitization is an important
mechanism controlling vascular smooth muscle tone (20, 30). In the present
study, we found that O2 constriction is diminished by 75% when extracellular Ca2
is removed. Similar results have been reported by Greyner and Dzialowski (16).
The remaining Ca2-independent contraction is likely to be due to Rho kinaseinduced Ca2 sensitization, as reported in human and rabbit DA (17, 18).
Consistent with this view, O2-induced constriction in mature pDA was relaxed by
the Rho kinase inhibitors Y-27632 and hydroxyfasudil.
Maturation of O2-induced contraction. The mechanisms underlying the failure of
the preterm DA to constrict and close after birth are not completely elucidated.
In the chicken DA at 15 days of incubation, we have found (Ref. 1 and present
study) that the response to O2 was very weak or absent. On the other hand, at
19–20 days of incubation all pDA were markedly constricted in response to O2.
Our results are in agreement with previous studies in other species showing that
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the constriction of DA to O2 is developmentally regulated (10, 21, 32). The
reduced response to O2 in preterm DA may reflect a deficiency in the sensor, the
mediator, the effector, or a combination of these. In this regard, we observed
that O2 increased ROS content in mature but not in immature pDA. These
differences are not related to changes in mRNA expression of SOD1 (which is
even higher in the immature DA), SOD2, or catalase, and rather may reflect an
impairment of the mitochondrial sensing mechanism in the immature pDA. In
accordance with this, Kajimoto et al. (18) found that in response to O2,
superoxide levels increased to higher levels in term than in preterm rabbit
DASMC. Interestingly, we also observed that when the putative mediator (i.e.,
H2O2) was exogenously provided it induced contraction of the mature but not
the immature pDA, suggesting that the unresponsiveness to O2 also involves
immaturity of the final effectors.
Focusing on the putative effectors, we show that KV currents are markedly
reduced in immature versus mature pDA smooth muscle cells. In accordance
with this, Thebaud et al. (32) observed that KV current amplitudes in preterm
rabbit DA are reduced compared with term DA. Among the different KV
channels, KV1.5 have been shown to be O2 sensitive and proposed as
candidates to underlie O2-sensitive KV currents in DA (23, 32) and pulmonary
arteries (5). However, the developmental increase in KV current found in the
chicken DA seems to be unrelated to changes in KV1.5 channel expression,
which even decreases with gestational age. In fact, contradictory data regarding
the changes in KV1.5 channels expression during the last days of gestation
have been reported in different species (32, 41). One possibility is that other O2sensitive KV channels apart from KV1.5 (such as KV2.1) make a major
contribution to the total KV current in chicken DA.
Very recently, Thebaud et al. (33) suggested that CaL channels are O2 sensitive
in the rabbit DA and their functional immaturity contributes to the impaired
response to O2 in the preterm animal. We found that nifedipine, a CaL channel
blocker, was more potent to inhibit KCl-induced contractions in the mature than
the immature pDA. In addition, the CaL channel activator BAY K8644 was also
much more effective in inducing a contraction in the mature than in the
immature pDA. Nifedipine and BAY K8644 belong to the same chemical class of
dihydropyridines and bind to the same site in the channel (15). Thus our data
indicate a maturational change in the response to dihydropyridines. In the study
of Thebaud et al. (33), the presence of BAY K8644 enhanced the O2 constriction
in preterm (to levels observed at term) but not in term DA. On the contrary, we
found that in the preterm chicken DA the immaturity cannot be reversed by BAY
K8644.
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Finally, the reduced response to O2 in preterm compared with term DA has also
been associated with a diminished expression/activity of components of the
Rho-Rho kinase pathway (11, 18). Consistent with this, we have observed that
the sensitivity to the Rho kinase inhibitors hydroxyfasudil and Y-27632
increased with development.
2.4.4 Changes in response to O2 along the DA
One of the most striking features of the chicken DA is the radically opposite
response to changes in O2 (relaxation vs. contraction) seen in the two portions
(aortic vs. pulmonary) of the vessel. This functional difference correlates with
morphological changes along the chicken DA between the pulmonary artery and
the aorta (1, 7, 8), which may reflect the proposed different embryological origin
of the cells composing the aortic and the pulmonary portions of the vessel (8).
Here we have examined the mechanisms involved in the different responses to
O2 in both sides of the vessel. The major finding was that O2 did not increase
ROS content in mature aDA. This may be explained, at least partly, by a higher
expression of the H2O2 scavenging enzyme catalase. Nevertheless, this does
not seem to be the only difference along the vessel. Thus, unlike the pulmonary
side, the aortic side of the DA relaxed in response to the H2O2 analog (the
proposed mediator). This opposite behavior cannot be explained by a different
expression/activity of the effector proteins (i.e., KV channels and Rho kinase) in
both sides, since the inhibition of KV channels caused a similar contraction in
both sides of the vessel and, conversely, the Rho kinase inhibitors relaxed both
the aortic and the pulmonary ductal segments.

2.5 Conclusions
In summary, our results offer supportive evidence implicating the mitochondrial
ETC as sensor, H2O2 as mediator, and KV channels and Rho kinase as effectors
of O2-induced contraction in the chicken DA (Fig. 2.10). Therefore, there is a
conserved mechanism for O 2 sensing/signaling in mammalian and
nonmammalian DA. Our results also indicate that the developmental response
to O2 involves a parallel maturation of the three components: sensor, mediator,
and effectors.
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Fig. 2.10. Mechanism proposed by Michelakis et al. for normoxic constriction of the mammalian DA
(mitochondrial ETC as sensor, H2O2 as mediator, and KV channels and Rho kinase as effectors) is
also responsible for normoxic constriction of chicken DA. Scheme also shows the inhibitors used
targeting different steps of the pathway.
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Morphological and functional alterations
of the ductus arteriosus in a chicken
model of hypoxia-induced fetal growth
retardation
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Abstract

The hypoxic conditions in which children with intrauterine growth retardation
(IUGR) develop are hypothesized to alter the development of the ductus
arteriosus (DA). We aimed to evaluate the effects of in ovo hypoxia on chicken
DA morphometry and reactivity. Hypoxia (15% O2 from day 6 to 19 of the 21-d
incubation period) produced a reduction in the body mass of the 19-d fetuses
and a shortening of right and left DAs. However, ductal lumen and media crosssectional areas were not affected by hypoxia. The ductal contractions induced
by oxygen, KCl, H2O2, 4-aminopyridine, and endothelin-1 were similar in control
and hypoxic fetuses. In contrast, the DAs from the hypoxic fetuses showed
increased contractile responses to norepinephrine and phenylephrine and
impaired relaxations to acetylcholine, sodium nitroprusside, and isoproterenol.
The relaxations induced by 8-Br-cGMP, forskolin, Y-27632, and hydroxyfasudil
were not altered by chronic hypoxia. In conclusion, chronic in ovo hypoxiainduced growth retardation in fetal chickens and altered the response of the DA
to adrenergic agonists and to endothelium-dependent and -independent relaxing agents. Our observations support the concept that prolonged patency of the
DA in infants with IUGR may be partially related with hypoxia-induced changes
in local vascular mechanisms.
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3.1 Introduction
Intrauterine growth retardation (IUGR) is most frequently the consequence of
placental insufficiency resulting in decreased availability of nutrients and oxygen
(1). Although IUGR is considered as an important cause of pre- and post- natal
morbidity, its impact on the several areas of morbidity associated with
prematurity remains controversial. Reports vary from higher to similar rates of
respiratory distress syndrome, chronic lung disease, necrotizing enterocolitis,
retinopathy of prematurity, and patent ductus arteriosus (DA) in preterm infants
with and without IUGR (1,2).
The putative alterations produced by hypoxia and other prenatal insults in the
normal development of DA are unclear. Histologic evidence of accelerated
maturation of the DA was described in the autopsy of preterm infants exposed
to chronic intrauterine stress, leading to the hypothesis that this may have
resulted clinically in effective postnatal DA closure (3). In contrast, other authors
have described in the DA of premature infants with IUGR, histologic changes,
such as fragmentation, coagulation, necrosis of the internal elastic lamina,
hemorrhage with necrosis, and loosening of elastic fibers and muscles in the
tunica media that may have produced subsequent patent DA (4). The chicken
fetus is an excellent model for the study of the cardiovascular consequences of
prenatal growth retardation (5–7). Recently, we have studied the chicken DA
reactivity and demonstrated that the effects of vasoactive mediators on its tone
are developmentally regulated with loss of responsive-ness to vasodilators and
increase of responsiveness to vasoconstrictors with advancing age (8 –10).
Hypoxia has profound effects on endothelial and vascular smooth muscle
cellular physiology affecting the transcriptionally regulated expression of
vasoactive substances, the modulation of receptor populations, the density and
activities of ion channels, and the signal transduction pathways involved in
modulating vascular tone (5–7,11–14). Postnatal constriction of the full-term DA
produces hypoxia of the muscle media, and this stimulus appears as essential
for the anatomic remodeling that prevents subsequent ductal reopening (15). In
the present study, we hypothesize that prolonged hypoxic exposure alters the
development of the DA contractile apparatus that is essential for rapid
constriction after birth. Therefore, our aim was to evaluate the effects of in ovo
hypoxia on the chicken DA reactivity and morphology.
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3.2 Methods
3.2.1 incubation and hypoxia protocol
Experiments were performed in accordance with Dutch law for animal
experimentation and were approved by the Ethical Committee of the University
of Maastricht. Fertile Lohman-selected White Leghorn eggs were incubated at
37.8°C and 45% humidity (Incubator model 25HS, Masalles Comercial, Spain).
Control embryos were incubated under normoxic conditions (21% O2 0.03%
CO2). Experimental embryos were incubated under normoxic conditions until
day 6 of incubation when eggs were transferred to a second incubator where
hypoxia (15.0 ± 0.3% atmospheric O2, 0.03% CO2) was maintained by providing
a constant flow of N2 and compressed air with a flow meter. The O2 and CO2
concentrations in the incubator were monitored with a DrDAQ O2 sensor (Pico
Technology, United Kingdom) and an infrared CO2 analyzer (Beckman
Instruments, Inc., Fullerton, CA).

Fig. 3.1. Anatomy of the chicken DA. The method used to determine the length and diameter of the
pulmonary (solid line) and the aortic (dashed line) of the DAs is also depicted. Ao, aorta; PA,
pulmonary artery. Lengths (B) and diameters (C) of the DAs of 19-d chicken fetuses exposed to
hypoxia (■) or normoxia(□) during incubation. Pulm, pulmonary side; Aor, aortic side. Each bar
represents the mean± SEM of eight animals. *p < 0.05 for difference from normoxia.

3.2.2 Morphometric analysis of the DA
On day 19 of incubation, the embryos were taken out and immediately killed by
decapitation. With the aid of a dissecting microscope (Mild M8; Leica,
Cambridge, United Kingdom), the heart, the esophagus and the crop were
removed, the right and the left DA were exposed, and the preparation was
photographed (Fig. 3.1) with a digital camera (Leica DFC 280). Pictures were
subsequently analyzed with a computerized morphometric system (Quantimet

70

Figure 3.2. Histology of the chicken DA. Light micrographs showing double staining for elastin and
a-actin of cross-sections of snap-frozen 19-d chicken fetuses exposed to normoxia (A) or hypoxia
(B) during incubation. Bars 200 µM. Ao, aorta; PA, pulmonary artery; Eso, esophagus; Br, bronchus;
R, right; L, left. (C) The media and lumen cross-sectional areas of the right DA were not significantly
different between normoxic (□) and hypoxic (■) fetuses. Each bar represents the mean ± SEM of five
animals.
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570C; Leica,). Analysis was performed by a single observer (P.A.), who was
unaware of the experimental conditions. The total length of the DAs, the length
of the aortic and the pulmonary segments, and the maximal and minimal
diameters were deter- mined. Each measurement was repeated three times and
the mean value recorded.
Microscopic morphometric analysis was assessed in DAs fixed in situ with the
whole-body freezing technique. Embryos were frozen in 1% carboxymethylcellulose in liquid nitrogen. Serial, transversal sections (8 µm thick)
through the whole length of the DAs, were obtained on a Leica freezing
microtome (CM 3050S) and double staining was performed for elastin (Lawson
solution; Klinipath, Duiven, The Netherlands) and a MAb against smooth muscle
a-actin (Dako, Carpinteria, CA). Microscopic images were analyzed with the
Quantimet 570C to determine media layer cross-sectional area (CSA), media
wall thickness, and intraluminal CSA. This analysis was only performed in the
right DA because its orientation allowed the obtention of transversal sections of
the vessel (Fig. 3.2). From each specimen, 3–5 sections with the morphology of
the pulmonary side and 8–10 with the morphology of the aortic side of the DA
were analyzed. Sections with a transitional morphology between the two parts
were discarded for analysis. Analysis was performed by a single observer (L.K.),
who was unaware of the experimental conditions.
3.2.3 Recording of DA reactivity
Reactivity was analyzed only in the proximal (pulmonary) side of the vessel.
Rings from hypoxic and normoxic embryos were studied in parallel. The
myograph organ bath was filled with Krebs-Ringer bicarbonate (KRB) buffer
maintained at 39°C and continuously aerated with one of the following gas
mixtures: 95% N2/5% CO2 (PO2 = 2.6–3.3 kPa), 5% O2/90% N2/5% CO2 (PO2 =
6.8–7.2 kPa), or 21% O2/74% N2/5% CO2 (PO2 = 16–20 kPa). The final pH was
7.38–7.42 and PCO2 was 4.6–5.6 kPa in all solutions (8). Each DA ring was
stretched to its individual optimal lumen diameter, i.e., the diameter at which it
developed the strongest contractile response to 62.5 mM KCl (8). During the
first phase of stabilization and determination of optimal diameter, KRB buffer
was aerated with 95% N2/5% CO2. Afterward, and depending on the specific
protocol, one of the above-described gas mixtures was used.
To assess the responsiveness of the DA to oxygen, vessels were incubated for
30 min with 95% N2/5% CO2. Then the gas mixture was switched to 21%
O2/74% N2/5% CO2. This gas was maintained for 10 min. In another set of
experiments, the organ chamber was bubbled with 5% O2/90% N2/5% CO2 and
concentration-response curves to KCl, the inhibitor of voltage-gated (KV) K+
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channels 4-aminopyridine (4-AP), H2O2, endothelin-1 (ET-1), norepinephrine
(NE), and phenylephrine (Phe) were constructed. Relaxing agonists were
evaluated during contraction induced by 62.5 mM K+. Concentration-response
curves for acetylcholine (ACh), the nitric oxide (NO) donor sodium nitroprusside
(SNP), the cyclic guanosine monophosphate (cGMP) analog 8-Br-cGMP, the βadrenoceptor agonist isoproterenol, the adenylyl cyclase activator forskolin, and
the Rho-kinase inhibitors Y-27632 and hydroxyfasudil were constructed.
3.2.4 Drugs and solutions
KRB contained (in mmol/L): NaCl, 118.5; KCl, 4.75; MgSO4·7H2O, 1.2; KH2PO4,
1.2; NaHCO3, 25.0; CaCl2, 2.5; glucose, 5.5. Solutions containing different
concentrations of K+ were prepared by replacing part of the NaCl by an
equimolar amount of KCl. All the drugs were obtained from Sigma Chemical Co
(St. Louis, MO) and dissolved initially in distilled deionized water (except
forskolin in ethanol).
3.2.5 Data analysis
Results are shown as mean (SD) of measurements in n animals. For clarity,
results in the figures are shown as mean ± SEM. Contractions are expressed in
Newton/meter and relaxations as percentage of reduction of the contraction
induced by K+. Sensitivity (expressed as pD2 = -log EC50) and maximal
contraction or relaxation (Emax) to agonists was determined by fitting individual
concentration-response data to a nonlinear sigmoidal regression curve.
Comparisons were made by an unpaired t test. Differences were considered
significant at a p < 0.05.

3.3 Results
3.3.1 Fetal growth and DA morphometry
Exposure of chicken fetuses to 15% instead of 21% O2 from day 6 to day 19 of
incubation induced growth retardation (body mass normoxic: 29.9 g, SD 5.6, n =
34; hypoxic: 25.3, SD 5.5, n = 32, p <0.01 versus normoxic).
Both the right and the left DAs were shorter in the hypoxic fetuses (Fig. 3.1B).
When the lengths of pulmonary and the aortic sides of the DA were analyzed, it
was observed that the ductal shortening induced by hypoxia was due to a
shortening of the pulmonary segment (Fig. 3.1B). The external diameter of the
DA was not significantly different between normoxic and hypoxic fetuses (Fig.
3.1C).
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As shown in Fig. 3.2, the chicken DAs exhibited two distinct phenotypes along
their lengths. The proximal (pulmonary) DA displayed the structure of a
muscular artery with a dense α-actin-positive media subjacent to the
endothelium and few layers of elastic fibers around the muscular layer. The
distal (aortic) DA contains many elastic fibers that fill the vascular wall arranged
in concentric lamellae with α-actin-positive smooth muscle cells embedded
between the lamellae. The muscular phenotype was present in 49.4% (SD 8.7,
n = 5) of the length of the right DA from the normoxic animals and in 33.0% (SD
11.5, n = 5, p < 0.05 versus control) of the vessel length from the hypoxic group.
The lumen CSA was significantly greater in the pulmonary than the aortic side of
the DA and the media CSA was significantly greater in the aortic than in the
pulmonary side of the vessel. The media and lumen CSAs of the right DA were
not significantly different between normoxic and hypoxic fetuses (Fig. 3.2C).
3.3.2 DA reactivity
Switching the O2 mixture from 0 to 21% (3 to 18 kPa) produced a progressive
increase of the O2 concentration in the organ chamber that reached a steady
state after ~3 min (8). This increase in O2 concentration resulted in a contractile
response of the DA that was not significantly different between hypoxic and
normoxic fetuses (Fig. 3.3A). In addition, the contractions induced by 4-AP (Fig.
3.3A), KCl (Fig. 3B; pD2 normoxic: 1.61, SD 0.12; hypoxic: 1.69, SD 0.14; p >
0.05), H2O2 (Fig. 3C), and ET-1 (Fig. 3.3D) did not vary between the
experimental groups. The diameter at which maximal responses to depolarizing
high-K+ solution were obtained was significantly higher in the DAs from the
hypoxic fetuses (843.1 µm, SD 92.31, n = 32 versus 775.8 µm, SD 92.3, n = 32;
p < 0.05), but the passive wall stretch induced by this optimal diameter was not
significantly different (normoxia: 0.89 N/m, SD 0.19; hypoxia: 0.92 N/m, SD
0.24).
The adrenergic agonists NE (Fig. 3.3E) and Phe (Fig. 3.3F) induced significantly
(p < 0.05) larger contractions in the DAs from the hypoxic (NE: 0.91 N/m, SD
0.22, n = 11; Phe:0.87 N/m, SD 0.20, n = 11) than in those from the normoxic
fetuses (NE: 0.72 N/m, SD 0.23, n = 11; Phe:0.69 N/m, SD 0.18, n = 11).
However, the sensitivity (pD2) to NE (normoxic: 6.67, SD 0.22; hypoxic: 6.65,
SD 0.23) and Phe (normoxic: 5.42, SD 0.15; hypoxic: 5.45, SD 0.17) did not
vary between the experimental groups.
Acetylcholine (Fig. 3.4A), SNP (Fig. 3.4B), 8-Br-cGMP (Fig. 3.4C), isoproterenol
(Fig. 3.5A), forskolin (Fig. 3.5B), Y-27632 (Fig. 3.5C), and hydroxyfasudil (Fig.
3.5D) relaxed DA rings (precontracted with 62.5 mM KCl) in a concentrationdependent manner. The relaxations induced by ACh (Emax normoxic: 39.49%,
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SD 16.2, n = 8; Emax hypoxic: 15.02%, SD 10.2, n = 8, p < 0.05 versus
normoxic), SNP (Emax normoxic: 59.9%, SD 27.7, n = 8; Emax hypoxic: 33.1%,
SD 16.4, n = 8, p < 0.05 versus normoxic), and isoproterenol (Emax normoxic:
168.1%, SD 19.4, n = 8; Emax hypoxic: 112%, SD 16.4, n = 8, p < 0.05 versus
normoxic) were significantly impaired in the DAs from the fetuses incubated
under hypoxic conditions. The sensitivity to SNP was significantly greater in
normoxic than in hypoxic fetuses (pD2 normoxic: 5.84, SD 0.4; pD2 hypoxic
4.95, SD 0.41, p < 0.01 versus normoxic). The sensitivities to ACh and
isoproteronol did not differ significantly between groups. The relaxations
induced by 8-Br-cGMP, forskolin, Y-27632, and hydroxyfasudil were not
significantly different when normoxic and hypoxic DAs were compared.

Fig. 3.3. Contractile effects of oxygen, 4-AP, KCl, H2O2, ET-1, norepinephrine, and phenylephrine in
DA rings of 19-d chicken fetuses exposed to hypoxia (■) or normoxia (□) during incubation. Each
point (or bar) represents the mean ± SEM of 8–11 animals. *p < 0.05 for difference in Emax from
normoxia.

Fig. 3.4. Concentration-dependent relaxant effects of acetylcholine, SNP, and 8-Br cGMP in DA
rings of 19-d chicken fetuses incubated under hypoxia (■) or normoxia (□). Each point represents
the mean ± SEM of 6–11 animals. *p < 0.05 for difference in Emax from normoxia. §p < 0.05 for
difference in pD2 from normoxia.
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Fig. 3.5. Concentration-dependent relaxant effects of isoproterenol, forskolin, Y-27632, and
hydroxyfasudil in DA rings of 19-d chicken fetuses incubated under hypoxia (■) or normoxia (□).
Each point represents the mean + SEM of 6–11 animals. *p < 0.05 for difference in Emax from
normoxia.

3.4 Discussion
We have characterized the morphologic and functional status of the DA in a
chicken model of hypoxia-induced fetal growth retardation (5–7). We did not find
significant evidences for an accelerated or delayed anatomical remodeling of
the DA in the growth-retarded chicken fetuses. In contrast, the DA of the hypoxic
fetuses showed an enhanced contractile response to a-adrenergic agonists and
an impaired relaxation to the β-adrenoceptor agonist isoproterenol, the
endothelium-dependent vasodilator acetylcholine and the endotheliumindependent vasodilator SNP.
The DA belongs to a specialized system of O2-sensitive organs and tissues in
the body that includes, among others, the pulmonary arteries, the carotid body,
and the neuroepithelial body, which share striking similarities in the ways they
respond to changes in O2 tension (16,17). The mechanism proposed to explain
O2-induced ductal contraction includes a sensor: the electron transport chain of
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the mitochondria that increases production of reactive oxygen species,
particularly H2O2, in response to changes in O2 levels. H2O2 can reach the cell
membrane and decrease the opening of KV channels. This causes DA
depolarization, opening of the voltage-gated Ca2+ channels, increase in
intracellular Ca2+, and vasoconstriction (16,17). Preliminary results of our
laboratory indicate that this “mitochondria-H2O2-KV channels” axis is also
involved in the response of chicken DA to O2 (8, and unpublished results).
Although chronic hypoxia could putatively alter each component of the above
axis (18), we have not observed any hypoxia-induced alteration of the chicken
DA response to oxygen. Moreover, the contractions induced by high-K+
depolarizing solution, the KV channel blocker 4-AP, and H2O2 were not
significantly affected by chronic hypoxia.
Within the vasculature in general, chronic hypoxia produces a broad spectrum
of structural and functional changes that are typically organ specific (18). As
reported elsewhere, chronic moderate hypoxia in the chicken fetus led, in the
femoral artery, to impairment of endothelium-dependent relaxation (6,7) and
increased periarterial sympathetic innervation (5), whereas in the pulmonary
arteries led to an impairment of the responsiveness to several vasoconstrictors
but did not affect endothelium-dependent or -independent relaxations (7). In the
present work, we observed that chronic hypoxia impaired ACh- and SNPmediated relaxations of the DA. Previously, we demonstrated that ACh induces
endothelium-dependent relaxation of the chicken DA and that NO and
endothelium derived hyperpolarizing factor are involved in this response (9). On
the other hand, SNP evoked endothelium-independent relaxation of the chicken
DA through the activation of soluble guanylate cyclase (sGC) (9). Therefore, the
NO/sGC/cGMP axis is active in the chicken DA and our present results indicate
that chronic hypoxia induced an impairment of this vasodilatory pathway. It
should be noted that, in the present work, we studied the effects of relaxant
agonists in DA rings contracted with high-K+ depolarizing solution. Thus, the
contribution of hyperpolarizing mechanisms to relaxation could not be analyzed
in our experiments. In relation to the vascular effects of chronic hypoxia,
numerous investigations have examined the involvement of the NO/sGC/cGMP
axis in pulmonary and systemic vessels. The majority of these studies report
hypoxia-induced endothelial impairment with normal response to NO donors
(19,20). However, other authors report alterations in both endotheliumdependent and -independent relaxation after exposure to chronic hypoxia (21).
In turn, chronic hypoxia has been reported to elevate vascular sGC abundance
and activity in some studies (12), but decrease it in others (22). In the present
study, we observed that the relaxation induced by the cell-permeable analog of
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cGMP, 8-Br-cGMP, was similar in the DA from normoxic and hypoxic fetuses,
indicating that signaling events coupling cGMP to relaxation were not affected
by chronic hypoxia. Taking together, our results suggest that chronic hypoxiainduced impairment of NO-evoked relaxation is due to a reduced sGC activity.
However, an additional impairment of the endothelial NO synthase or an
increase in phosphodiesterase-mediated catalysis of cGMP cannot be
discarded.
Our study also reports that adrenergic agonist-induced contractions to
norepinephrine and phenylephrine were enhanced in the DA from chicken
fetuses exposed to chronic hypoxia during incubation. On the other hand, the
DA relaxations induced by the β-adrenoceptor agonist isoproterenol were
impaired in the hypoxic fetuses. Accordingly, other investigators reported that
femoral artery constriction in response to adrenergic agonists was significantly
enhanced in femoral arteries from rats (23) and lambs (14) gestated under
hypoxia. In contrast, chronic hypoxia impaired the contraction evoked by aadrenergic agonists in pulmonary arteries (14). Previously, we demonstrated
that norepinephrine and phenylephrine induced a developmentally increased
contraction of the chicken DA (8). Interestingly, the relaxation induced by
isoproterenol decreased with development (10). Therefore, the changes
induced by hypoxia in DA adrenergic responsiveness mimic the changes
induced by development, suggesting that the effect of hypoxia might be
consequence of a developmental acceleration. In addition, the impairment of
ACh- and SNP-mediated relaxation, which is a characteristic feature of the
mature chicken DA (9), was also observed in the hypoxic fetuses. However,
other features of the mature chicken DA, such as the enhanced responsiveness
to O2, KCl, H2O2, ET-1, or 4-AP (8,24) were not present in the DA of the hypoxic
animals.
Activation of the RhoA/Rho-kinase pathway can induce Ca2+ sensitization, a
phenomenon in which sustained vasoconstriction occurs, independent of
ongoing increases in cytosolic Ca2+ (25,26). Recently, Rho kinase activation has
been implicated in DA constriction in several mammalian species (25,26). Our
observation of the Rho-kinase inhibitors Y-27632 and hydroxyfasudil
concentration dependently decreasing tone of KCl- precontracted chicken DA
suggests that this pathway also plays a role in the regulation of DA contraction
in this species. Numerous experimental evidences indicate that chronic hypoxia
augments Rho kinase-induced vascular smooth muscle Ca2+ sensitization,
particularly in the pulmonary vasculature (13,27) McNamara et al. (13) reported
that pulmonary vascular RhoA is activated and Rho-kinase activity is increased
in rat pups by exposure to hypoxia from birth for 14 d. Moreover, hypoxia-
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induced RhoA expression in the lung is age dependent and found to be greatest
in the fetus (27). In the present study, we observed that the relaxation evoked
by Y-27632 and hydroxyfasudil was similar in DAs from normoxic and hypoxic
fetuses. This indirectly suggests that Rho-kinase activity in the chicken DA was
unaffected by chronic prenatal hypoxia.
The chicken DA presents morphologic and functional heterogeneity along its
path between the pulmonary artery and the aorta (8,24). Thus, the pulmonary
side shows the structure of a muscular artery and responds to O2 with
contraction, whereas the aortic part shows the morphology of an elastic artery
and relaxes in response to O2 (8,24). In addition, ACh, SNP, and the NOindependent stimulator of sGC BAY 41-2272 induced larger relaxations in the
aortic side of the vessel (9), whereas isoproterenol, forskolin, and the
phosphodiesterase 3 inhibitor milrinone evoked larger relaxations in the
pulmonary side (10). The reactivity studies of the present work were exclusively
focused on the pulmonary side, which appears to be the “real” DA in the
chicken. Bergwerff et al. (28) demonstrated that the distal elastic part of the
chicken DA is mesodermal in origin and is the result of the incorporation of
dorsal aorta tissue, whereas the muscular pulmonary side was shown to consist
almost exclusively of neural crest derived cells. In the present work, we
observed that the proportion of DA with muscular morphology was significantly
reduced in the hypoxic animals. In addition, and although the in situ diameter of
the DA was not affected by hypoxia, the functional diameter (i.e., the one at
which the vessels showed maximal K+-induced contraction) was higher in the
hypoxic group. With our present results, we can only speculate about these
findings. However, and interestingly, numerous studies demonstrated that
exposing animals to chronic hypoxia results in morphologic and functional
changes in the neural crest-derived, oxygen-sensing cells of the carotid body
(29). The specific effects of chronic hypoxia in the neural crest-derived cells of
the DA and in the vascular elastic properties warrant further investigation.
As mentioned in the introduction, there have been reported signs of accelerated
(3) or abnormal (4) DA development in preterm infants with IUGR. Recently,
Rakza et al. (2) described that the DA is larger in infants with IUGR than in
eutrophic preterm infants, as soon as 6 h after birth. In our chicken model, and
with the exception of the above discussed shortening of the pulmonary
segment, no other signs of morphologic alterations were found and the CSAs of
the DA lumen and wall were comparable between normoxic and hypoxic 19-d
fetuses. This suggests that at this stage of development the DA maintains a
similar degree of patency in both groups. The 19-d fetuses used in the present
study were noninternally pipped. On day 19 of incubation, the fetus internally
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pips by piercing the air cell inner membrane with its beak and begins lung
ventilation. During the internal pipping, the relative blood flow to the
chorioallantoic membrane progressively declines, whereas blood flow to the
lungs increases (24). However, the presence of the ductal shunt is still
necessary during internal pipping. In fact, Belanger et al. (24), reported that
internal pipping did not induce significant changes in chicken DA diameter but
these changes were observed during external pipping. At this stage, ductal
closure was associated with a breakdown of the internal elastic lamina,
migration of smooth muscle cells into the neointimal zone, and swelling and
detachment of the endothelial layer (9,24). By day 2 posthatching the lumen of
the proximal portion of the DA is completely occluded (24). Whether the
structural and functional alterations that we described in the present work
accelerate or delay this process remains to be investigated.
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Chapter 4

Prenatal exposure to hyperoxia modifies
the thromboxane prostanoid receptormediated response to H2O2 in the ductus
arteriosus of the chicken embryo
S. van der Sterren, L. Kessels,
F. Perez-Vizcaino, A.L. Cogolludo, E. Villamor
Journal of physiology and pharmacology 2014, 65, 2, 283-293

Abstract
O2 tension plays a critical role in the control of prenatal patency and postnatal
closure of the ductus arteriosus (DA). We hypothesized that exposure of
chicken embryos to hyperoxia alters the morphology and function of DA.
Hyperoxia was induced by incubating fertilized eggs at 60% O2 from day 15 to
19 of the 21-d incubation period. DA reactivity (assessed by wire myography),
morphometry and mRNA expression of antioxidant enzymes were studied on
day 19. Hyperoxic incubation neither affected embryonic growth nor induced
signs of DA constriction or changed the mRNA expression of superoxide
dismutase and catalase. The contractions induced by O2 (21%), KCl, 4aminopyridine, phenylephrine, and endothelin-1 and the relaxations induced by
acetylcholine (ACh), sodium nitroprusside, isoproterenol, and hydroxyfasudil
were similar in DA from embryos incubated under normoxic or hyperoxic
conditions. In contrast, hyperoxic incubation impaired the thromboxane
prostanoid (TP) receptor-mediated contractions evoked by U46619, 15-E2tIsoprostane and high concentrations (≥3 µM) of ACh. Exogenous hydrogen
peroxide (H2O2) evoked endothelium- dependent contraction in the normoxic DA
and endothelium-dependent relaxation in the hyperoxic group. The presence of
the TP receptor antagonist SQ 29548 unmasked a relaxant response to H2O2 in
the normoxic DA and the cyclooxygenase (COX) inhibitor indomethacin blocked
H2O2-induced contraction (in the normoxic group) and relaxation (in the
hyperoxic group). Altogether our functional data suggest that, in the chicken DA,
exogenous H2O2 induces the release of endothelium-derived COX metabolite(s)
with contractile and relaxant properties. Under normal conditions H2O2-induced
contraction prevails and relaxation is unmasked after pharmacological or
functional (i.e. hyperoxia) TP receptor impairment.
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4.1 Introduction
The ductus arteriosus (DA) is a large fetal vascular shunt connecting the
pulmonary artery to the aorta, allowing most right ventricular blood to bypass
the unexpanded lungs (1). O2 tension is a critical factor for the control of DA
tone. In the fetus, the DA is tonically relaxed by the relatively hypoxic
environment. In term infants, the increase in O2 tension at birth is a key factor
stimulating DA constriction which precedes the anatomical and permanent
closure of the vessel (2). In contrast, the DA from preterm infants is frequently
unresponsive to O2 and less likely to constrict after birth. Failure of DA closure in
very preterm infants is a common complication that can have significant clinical
consequences and is still presenting challenges in terms of diagnosis,
assessment and treatment options (2). Therefore, a better understanding of the
biology and the pathobiology of the DA, and particularly of the DA
responsiveness to O2, may have clinical implications.
In the last years the chicken embryo has emerged as a suitable model for the
study of DA vascular biology (1, 3). Our group and another laboratory have
characterized the developmental changes in the responsiveness of the chicken
DA to O2 as well as other vasoactive agents including nitric oxide (NO),
prostaglandins (PGs), and catecholamines (3-15). Some of these studies
provide supportive evidence for a conserved mechanism for O2 sensing/
signaling in mammalian and non- mammalian DA (1, 3, 6, 15). Moreover,
similarly to the mammalian DA (2, 16), the responsiveness of chicken DA to O2
is developmentally regulated, being very weak or absent at day 15 (E15) but
present at day 19 (E19) of the 21 days of incubation (3, 8, 13).
Critical time windows exist during development, and if environmental changes
are experienced in the window of vulnerability, the developmental trajectory of
the responding organ may be changed in a transient or a permanent way (17).
DA smooth muscle cells belong to those specialized cell types that sense local
O2 tension, which include glomus cells of the carotid body, neuroepithelial cells
in the lungs and smooth muscle cells of the resistance pulmonary arteries and
of the fetoplacental arteries (18, 19). A common feature of these specialized O2sensing cells is that fetal and perinatal O2 levels may modulate their
developmental programs. For example, either hypoxia or hyperoxia around the
time of birth and the first few weeks thereafter can disturb the normal
development of the mammalian carotid body leading to an altered ventilatory
response to hypoxia that may persist until adulthood (20-23). Perinatal hypoxia/
hyperoxia can also disturb the normal development of the pulmonary
vasculature and may predispose to altered pulmonary vasoconstrictor
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responses to hypoxia in later life (24-27). In the chicken embryo, exposure to
hypoxia (28) or hyperoxia (29) during the last third of incubation blunted the
hypoxic ventilatory chemosensitivity of the 1-day old hatchling.
In the present study we hypothesized that exposure to hyperoxia (60% O2)
alters the developmental trajectory of the chicken embryo DA resulting in
structural and/or functional changes in the vessel. Therefore, we aimed to
analyze the effects of hyperoxic incubation on DA morphometry, mRNA
expression of antioxidant enzymes and ex vivo response to O2 and other
vasoactive agents. In fact, the above hypothesis has been already investigated
by Copeland and Dzialowski (15). However, in their study they exposed the
embryos to 30% O2 during the whole incubation period. In our experimental
design, the embryos were exposed to a higher level of O2 and only during the
critical period in which O2 responsiveness appears to undergo its development
(i.e., between E15 and E19) (3, 6, 13).

4.2 Methods
4.2.1 Egg incubation and hyperoxia protocol
All experimental procedures were carried out according to the regulations of the
Dutch Law on Animal Experimentation and the European Directive for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (86/609/EU).
Fertilized eggs of White Leghorn chickens (Gallus gallus) (Het Anker BV,
Ochten, The Netherlands) were incubated at a temperature of 37.8°C, 45% air
humidity and automatically rotated once every hour over an angle of 90°
(incubator model 25HS, Masalles Comercial, Spain). The O2 and CO2
concentrations in the incubators were monitored with a DrDAQ O2 sensor (Pico
Technology, United Kingdom) and an infrared CO2 analyzer (Beckman
Instruments, Inc., Fullerton, CA, USA). Control eggs were incubated under
normoxic conditions (21% O2, 0.03% CO2). In the hyperoxia protocol, eggs were
incubated under normoxia until day 15 and then transferred to a second
incubator where hyperoxic conditions (60±1% O2, 0.03% CO2) were maintained
by providing a constant flow of O2, as previously described (30). Exposure of
the egg to 60% O2 leads to a significant change in arterial blood Po2 of chicken
embryos (to ~7 kPa, ∆ ~3.8 kPa) similar to the transition of Po2 levels at birth
(31).
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4.2.2 Morphometric analysis of the ductus arteriosus
The chicken DA is the result of the fusion of two vessels with different
embryological origin, morphology and functionality. The pulmonary side consists
almost exclusively of neural crest derived cells, shows the structure of a
muscular artery and responds to O2 with contraction, whereas the aortic part is
of mesodermal origin, shows the morphology of an elastic artery and relaxes in
response to O2 (1, 3, 6, 32). The studies of the present work were exclusively
focused on the pulmonary side of the DA that is the ‘real’ DA in the chicken
embryo, whereas the aortic side is the result of the incorporation of dorsal aorta
tissue (32). Morphometric analysis was assessed in E19 DAs fixed in situ with
the whole-body freezing technique. Embryos were frozen in 1% carboxymethylcellulose in liquid nitrogen. Serial, transversal sections (8 µm thick)
through the whole length of the DAs, were obtained on a Leica freezing
microtome (CM 3050S) and double staining was performed for elastin (Lawson
solution; Klinipath, Duiven, The Netherlands) and a monoclonal antibody
against smooth muscle α-actin (Dako, Carpinteria, CA, USA; diluted 1:300 and
using diaminobenzidine as the chromogen). Microscopic images were analyzed
with a computerized morphometric system (Quantimet 570C; Leica, Cambridge,
UK) to determine media layer cross- sectional area (CSA), media wall
thickness, and intraluminal CSA. This analysis was only performed in the right
DA because its orientation allowed the observation of transversal sections of the
vessel. From each specimen, 3–5 sections with the morphology of the
pulmonary side of the DA were analyzed. The mean of the 3–5 measurements
was used for computation. The morphometric analysis was performed by a
single observer (L.K.), who was unaware of the experimental conditions.
4.2.3 RT-PCR analysis
Total RNA was isolated and purified from DA homogenates using RNeasy
Fibrous Tissue Mini Kit (Qiagen). Total RNA was reverse transcribed into cDNA
using iScript™ cDNA Synthesis Kit (BioRad) following manufacturer’s
instructions. Real-time PCR was performed using a Taqman system (RocheApplied Biosystems, Mannheim, Germany) in the Unidad de Genomica
(Universidad Complutense de Madrid). Specific primers were designed for
chicken superoxide dismutase 1 (SOD1, right 5’- GGTCCGGTAAGAGAAATGACAG-3’ and left 5’-GACCTCGGCAATGTGACTG-3’), superoxide dismutase 2
(SOD2, right 5’-ATATGACCCCCACCATTGAA-3’ and left 5’-GCTGGCAAAAGGTGATGTTAC-3’), catalase (right 5’-TGGATCCTTCAAATGAGTCTGA-3’ and left
5’-GATGCAATGTTGTTTCCATCC-3’) and GADPH (right 5’-GTCCTCTCTGGCAAAGTCCA-3’ and left 5’-ACCATGTAGTTCAGATCGATGAAG-3’) (6). The gene
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expression was calculated relative to the expression of the housekeeping gene
GADPH, normalized by the average data under normoxic conditions for each
gene using the comparative threshold cycle (CT) method (33) and expressed as
relative quantitation (RQ) fold change.
4.2.4 Recording of vascular reactivity
E19 embryos were harvested, decapitated and fixed on a dissection plate. A
midline laparotomy and sternotomy were performed and, with the aid of a
dissecting microscope, the right and the left DAs were carefully dissected and
divided pulmonary and aortic segments. Reactivity was analyzed only in the
pulmonary side of the DA. Rings from either right or left DA were studied. Two
stainless steel wires (diameter 40 µm) were inserted into the lumen of the
vessels, which were mounted as ring segments between an isometric force
transducer and a displacement device in a myograph (A/S model 610M; Danish
Myo Technology, Aarhus, Denmark). Isometric tension signals were collected in
real time (4 samples/s) and analyzed offline using a data acquisition system
(PowerLab/4S and Chart 5 software; AD Instruments, Colorado Springs, CO,
USA). The myograph organ bath (5-mL vol.) was filled with Krebs-Ringer
bicarbonate (KRB) buffer, maintained at 39°C. After a 30-minute equilibration
period, the DA rings were distended to a resting tension corresponding to a
transmural pressure of 20 mmHg. This pressure corresponds to the mean
arterial blood pressure reported in chicken embryos at the corresponding age
and elicits the highest contractile response to KCl, as determined in previous
experiments (10-12, 14). The vessels were allowed a 30 minutes equilibration
period under basal tone, before eliciting a control contraction by raising the K+
concentration of the buffer to 62.5 mM in exchange for Na+. During this first
phase of mounting and stabilization, rings were maintained in KRB buffer
aerated with 95% N2/5% CO2 (Po2 = 2.6–3.3 kPa) (4, 11, 13).
The response of the DA rings to normoxia was assessed by bubbling the organ
chamber with 21% O2/74% N2/5% CO2 (Po2 = 18.9–20.1 kPa), as previously
described (3, 11, 13). The other contractile and relaxant agents were studied
under 5% O2/90% N2/5% CO2 (Po2 = 6.8–7.2 kPa) (4, 11, 13). The vasoactive
stimuli were chosen based on their previously demonstrated activity in the
chicken DA (3-15). Concentration-response curves to KCl (4.75 mM–125 mM),
the voltage-gated K+ channel (KV) inhibitor 4-aminopyridine (4-AP, 1 mM–10
mM), the α1-adrenoceptor agonist phenylephrine (10 nM–0.3 mM), endothelin-1
(ET-1, 0.01 nM–0.1 µM), the muscarinic receptor agonist acetylcholine (ACh, 3
µM–0.1 mM) the thromboxane prostanoid (TP) receptor agonist 9,11-dideoxy11α,9α-epoxymethano-prostaglandin F2α (U46619, 10 nM–10 µM) and the
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isoprostane (IsoP) 15-E2t-IsoP (10 nM–10 µM) were constructed. Relaxant
agents were evaluated during contraction induced by 125 mM K + .
Concentration-response curves for ACh (10 nM–3 µM), the nitric oxide (NO)
donor sodium nitroprusside (SNP, 10 nM–0.1 mM), the β-adrenoceptor agonist
isoproterenol (0.1 nM–3 µM), and the Rho-kinase inhibitor hydroxyfasudil (1
nM–30 µM) were constructed. Each DA ring was exposed to a maximum of
three concentration- response curves. Between two curves the tissues were
washed three times with fresh KRB buffer and allowed to equilibrate for 30 min.
The order of the concentration-response curves was similar in the normoxic and
the hyperoxic group.
Some experiments (see results section) were performed in endotheliumdenuded vessels. The endothelium was removed by gentle rubbing of the
vessel lumen with a horse tail hair and its effective removal was confirmed by
the absence of relaxation when 1 µM ACh was applied to DA rings contracted
with KCl 62.5 mM. Other experiments were performed in the presence of the
dual cyclooxygenase (COX) inhibitor indomethacin (10 µM), the soluble
guanylate cyclase inhibitor 1H[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ,
10 µM) or the TP receptor antagonist SQ 29548 (10 µM).
4.2.5 Drugs and solutions
KRB contained (in mmol L-1): NaCl (118.5), KCl (4.75), MgSO4 (1.2), KH2PO4
(1.2), NaHCO3 (25.0), CaCl2 (2.5) and glucose (5.5). Solutions containing
different concentrations of K+ were prepared by replacing NaCl by an equimolar
amount of KCl. 15-E2t-IsoP, U46619 and SQ 29548 were obtained from Cayman
Chemical (Ann Arbor, MI, USA). All other drugs were obtained from Sigma
Chemical (St. Louis, MO, USA). Drugs were initially dissolved in distilled
deionized water (except indomethacin that was dissolved in ethanol and 15-E2tIsoP, U46619, SQ 29548 and ODQ that were dissolved in DMSO) to prepare
stock solutions and further dilutions were made in KRB. H2O2 solution was
prepared by serial dilution of 30% stock solution with distilled deionized water.
Total DMSO added to the organ bath for preincubations or concentrationresponse curves was, at the most, 0.1% v/v and did not affect arterial tone. Total
ethanol was, at the most, 0.1% v/v and produced a slight contraction of the DA,
as previously described (3).
4.2.6 Data analysis
Results are presented as mean ± S.E.M. of measurements in n embryos.
Measurements of vascular reactivity were obtained from the mean of 40
samples (10 s) during the plateau phase of the response. Contractions are
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expressed in terms of active wall tension (mN/mm), calculated as the force
divided by twice the length of the arterial segment. Relaxant responses are
expressed as the percentage of reduction of the KCl-induced contraction. A
value >100% means that the vessel was relaxed below the basal tone that
existed before the addition of KCl. Sensitivity/potency (expressed as pEC50 =–
log EC50) and efficacy (Emax) were calculated by nonlinear regression analysis of
concentration- response curves. When the response to a vasoactive compound
did not conform to sigmoidal curve fitting, responses at individual concentrations
were compared. Differences between mean values were assessed by unpaired
t-tests or one-way ANOVA, followed by Bonferroni post hoc test. Differences
were considered significant at P<0.05. All analyses were performed using a
commercially available statistics package (Graphpad Prism version 5,
GraphPad InStat version 3.00; GraphPad Software Inc, San Diego, CA, USA).

4.3 Results
4.3.1 Embryonic growth and ductus arteriosus morphometry
Exposure of chicken embryos to 60% instead of 21% O2 from day 15 to day 19
of incubation did not affect embryonic growth (body mass normoxic: 29.6±0.34
g, n=41; hyperoxic : 29.9±0.37 g, n=42, P=0.55 versus normoxic).
As shown in Figs. 4.1A and 4.1B, the media and lumen CSAs of the right DA
were not significantly different between normoxic and hyperoxic embryos.
Therefore, hyperoxic incubation did not induce evident signs of DA constriction.
4.3.2 Ductus arteriosus reactivity
Switching the O2 mixture from 0 to 21% produced a progressive increase of the
O2 concentration in the organ chamber that reached a steady state after ~3 min
(3). This increase in O2 concentration resulted in a contractile response of the
DA that was not significantly different between normoxic (0.29±0.04 mN/mm)
and hyperoxic (0.22±0.03 mN/mm) embryos (Fig. 4.2A). Also the contractions
induced by 4-AP (Fig. 4.2B; maximal contraction normoxia: 0.56±0.05 mN/mm;
maximal contraction hyperoxia: 0.72±0.12 mN/mm), KCl (Fig. 4.2C; Emax
normoxia: 0.52±0.05 mN/mm; E max hyperoxia: 0.72±0.10 mN/mm),
phenylephrine (Fig. 4.2D; Emax normoxia: 0.68±0.07 mN/mm; Emax hyperoxia:
0.73±0.10 mN/mm) and ET-1 (Fig. 2E, Emax normoxia: 0.42±0.10 mN/mm; Emax
hyperoxia: 0.49±0.07 mN/mm) did not vary between the two groups. In the
chicken DA, the response to the muscarinic agonist ACh is biphasic, causing
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Fig. 4.1. (A): Light micrographs showing double staining for elastin and α-actin of cross sections of
snap- frozen 19-day chicken embryos incubated under normoxia (21% O2) or hyperoxia (60% O2)
from day 15 until day 19 of the 21-day chicken incubation period. Ao: aorta; DA: ductus arteriosus.
Bars 500 µM. (B): The media and lumen cross sectional areas of the right DA were not significantly
different between normoxic and hyperoxic 19-day embryos. From each specimen, 3–5 sections with
the morphology of the pulmonary side of the ductus arteriosus were analyzed and the mean value of
the 3–5 sections was taken as the value for each embryo. Each bar represents the mean ± S.E.M.
of 5 embryos.

relaxation (see next paragraph) and contraction respectively at low and high
concentrations (12). The contraction evoked by high concentrations (>3 µM) of
ACh contraction was significantly impaired in the hyperoxic embryos (Fig. 4.2F;
Emax normoxia: 0.33±0.06 mN/mm; Emax hyperoxia: 0.12±0.02 mN/mm, P<0.01
versus normoxia). In addition, the contractile potencies (pEC50) of U46619 (Fig.
4.3A) and 15-E2t- IsoP (Fig. 4.3B) were significantly reduced in the DA from the
hyperoxia group (pEC50 U46619 normoxia: 6.42±0.08 n=8; hyperoxia:
5.74±0.08, n=8, P<0.001 versus normoxia), (pEC50 15-E2t-IsoP normoxia:
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7.03±0.15, n=6; hyperoxia: 5.87±0.12, n=6, P<0.01 versus normoxia). The
contractile efficacies of U46619 (Emax normoxia: 1.14±0.12 mN/mm; Emax
hyperoxia: 0.92±0.16 mN/mm) and 15-E2t-IsoP (Emax normoxia: 1.08±0.10 mN/
mm; Emax hyperoxia: 1.02±0.16 mN/mm) were not significantly different between
the two groups (Fig. 3A-3B).

Fig. 4.2. Contractile effects of O2 (A), 4-aminopyridine (4-AP, B), KCl (C), phenylephrine (D),
endothelin-1 (ET- 1, E) and acetylcholine (ACh, F) in ductus arteriosus rings (pulmonary side) of 19day chicken embryos incubated under normoxia (21% O2) or hyperoxia (60% O2) from day 15 until
day 19 of the 21-day chicken incubation period. Ductus arteriosus rings were mounted in a
myograph under isometric conditions. Each point (or bar) represents the mean ± S.E.M. of n
embryos. Overlapped symbols were slightly shifted horizontally to make them visible.
** P<0.01 for difference in Emax from normoxia.
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Fig. 4.3. Concentration-dependent contractile effects of the TP receptor agonists U46619 (A) and
15-E2t-Isoprostane (B) in ductus arteriosus rings (pulmonary side) of 19-day chicken incubated
under normoxia (21% O2) or hyperoxia (60% O2) from day 15 until day 19 of the 21-day chicken
incubation period. Ductus arteriosus rings were mounted in a myograph under isometric conditions.
Each point represents the mean ± S.E.M. of n embryos. Overlapped symbols were slightly shifted
horizontally to make them visible. 𝞅 P<0.01 for difference in pEC50 from normoxia. Significance
symbol is placed approximately adjacent to the pEC50 value.

Fig. 4.4. Concentration-dependent relaxant effects of acetylcholine (ACh, A), sodium nitroprusside
(SNP, B), isoproterenol (C), and hydroxyfasudil (D) in ductus arteriosus rings (pulmonary side) of 19day chicken embryos incubated under normoxia (21% O2) or hyperoxia (60% O2) from day 15 until
day 19 of the 21-day chicken incubation period. Ductus arteriosus rings were mounted in a
myograph under isometric conditions and contracted with KCl (125 mM) before the cumulative
concentration-response curves were obtained. Each point represents the mean ± S.E.M. of n
embryos. Overlapped symbols were slightly shifted horizontally to make them visible.
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ACh (10 nM–3 µM, Fig. 4A), SNP (Fig. 4.4B), isoproterenol (Fig. 4.4C), and
hydroxyfasudil (Fig. 4.4D) relaxed DA rings (precontracted with 125 mM KCl) in
a concentration-dependent manner. These relaxations were not significantly
different when normoxic and hyperoxic DAs were compared. High
concentrations of isoproterenol did not induce further relaxation but contraction
(Fig. 4.4C) as previously described (4). Isoproterenol (Emax normoxia: 117.30
±5.28%; Emax hyperoxia: 129.48±11.90%) and hydroxyfasudil (Emax normoxia:
110.98±5.28%; Emax hyperoxia: 130.21±7.66%) relaxed the DA rings below the
basal tone that existed before the addition of KCl. This presumably reflects
relaxation of myogenic tone. In contrast, ACh (Emax normoxia: 38.21±4.04%;
Emax hyperoxia: 46.39±3.73%) and SNP (Emax normoxia: 57.37±4.03%; Emax
hyperoxia: 61.3±14.61%) showed a markedly lower relaxant efficacy.
Exogenous H2O2 contracted DA rings from the normoxic group in a
concentration-dependent manner (Figs. 4.5A and 4.5C). In contrast, H2O2
evoked a concentration-dependent relaxation in the DA from the hyperoxiaincubated embryos (Figs. 4.5B and 4.5C). In order to understand these
intriguing findings, we performed additional experiments to analyze 1) the
putative changes induced by hyperoxia in the gene expression of antioxidant
enzymes and 2) the mechanisms involved in the ductal effects of exogenous
H2O2. As shown in Fig. 4.5D, the DA mRNA expression of SOD1, SOD2 and
catalase were not significantly different between the normoxic and the hyperoxic
group.
As shown in Fig. 4.6, either mechanical removal of the endothelium (Figs. 4.6A
and 4.6D) or the presence of the dual COX-1 and COX-2 inhibitor indomethacin
blunted H2O2-induced contraction in the normoxic group (Figs. 4.6B and 4.6D).
Moreover, in the presence of the TP receptor antagonist SQ 29548, H2O2
evoked a concentration-dependent relaxation in the DA of normoxic chicken
embryos (Figs. 4.6C and 4.6D). The relaxation evoked by H2O2 in the hyperoxic
DA was blunted after endothelium removal or incubation with indomethacin (Fig.
4.7). In contrast the presence of SQ 29548 did not affect the relaxant effect of
H2O2 in the hyperoxic DA (Fig. 4.7). Finally, the presence of the soluble
guanylate cyclase inhibitor ODQ did not induce significant changes in the ductal
response to H2O2 of normoxic and hyperoxic embryos (data not shown).
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Fig. 4.5. Exogenous H2O2 evoked contraction in the DA of chicken embryos incubated under
normoxia but relaxation in the DA from embryos incubated under hyperoxia. (A-B): Representative
tracing of active wall tension versus time showing the response to H2O2 of DA rings (pulmonary
side) from 19-day chicken embryos in ductus arteriosus rings (pulmonary side) of 19-day chicken
incubated under (A): normoxia (21% O2) or (B) hyperoxia (60% O2) from day 15 until day 19 of the
21-day chicken incubation period. Ductus arteriosus rings were mounted in a myograph under
isometric conditions. Values indicate log M [H2O2]. Unlabeled arrows represent half-log
concentrations. (C): Mean (± S.E.M.) cumulative dose-response curves for H2O2 in DA rings from
normoxic-incubated and hyperoxic-incubated chicken embryos. **,*** P<0.01, 0.001 versus
normoxia. Responses at individual concentrations were compared because the response to H2O2
did not conform to sigmoidal curve fitting. (D): The mRNA expression of the antioxidant enzymes
superoxide dismutase (SOD)1, SOD2 and catalase was not significantly affected by hyperoxic
incubation. The gene expression was calculated relative to the expression of the housekeeping
gene GADPH, normalized by the average data under normoxic conditions for each gene using the
comparative CT method and expressed as relative quantitation (RQ) fold change.
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Fig. 4.6. (A-C): Representative tracing of active wall tension vs. time showing the response to
exogenous H2O2 of DA rings (pulmonary side) from 19-day normoxic-incubated chicken embryos
after endothelial denudation (A) or in the presence of the isoform-nonspecific cyclooxygenase
inhibitor indomethacin (10 µM, B) or the TP receptor antagonist SQ 29548 (10 µM, C). Ductus
arteriosus rings were mounted in a myograph under isometric conditions. Values indicate log M
[H2O2]. Unlabeled arrows represent half-log concentrations. (D): Mean (± S.E.M.) cumulative doseresponse curves for H2O2 in DA rings from 19-day normoxic-incubated chicken embryos after
endothelial denudation or in the presence of SQ 29548 (SQ), indomethacin or the soluble guanylate
cyclase inhibitor ODQ (10 µM). Overlapped symbols were slightly shifted horizontally to make them
visible. **, *** P <0.01, 0.001 versus control. Responses at individual concentrations were compared
because the response to H2O2 did not conform to sigmoidal curve fitting.
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Fig. 4.7. Mean (± S.E.M.) cumulative dose-response curves for H2O2 in ductus arteriosus rings
(pulmonary side) of 19-day chicken incubated under hyperoxia (60% O2) from day 15 until day 19 of
the 21-day chicken incubation period. Ductus arteriosus rings were mounted in a myograph under
isometric conditions. The effects of endothelial denudation (Endo-), the presence of the TP receptor
antagonist SQ 29548 (10 µM, SQ) or the isoform-nonspecific cyclooxygenase inhibitor indomethacin
(10 µM) are also shown. Overlapped symbols were slightly shifted horizontally to make them visible.
**, *** P <0.01, 0.001 versus hyperoxia-incubated control. Responses at individual concentrations
were compared because the response to H2O2 did not conform to sigmoidal curve fitting.

4.4 Discussion
We investigated the effects of hyperoxic incubation (60% O2 between E15 and
E19) of chicken embryos on the biology of the DA. We observed that hyperoxic
incubation neither affected embryonic growth nor induced signs of DA
constriction or changed the mRNA expression of antioxidant enzymes. The DA
contractions evoked by O2, KCl, 4-AP, and ET-1 and the relaxations induced by
ACh, SNP, isoproterenol and hydroxyfasudil were similar in the normoxic and
hyperoxic group. In contrast, hyperoxic incubation impaired the TP receptormediated contraction evoked by U46619, 15-E2t-IsoP and ACh. Exogenous
H2O2 evoked endothelium-dependent contraction in the normoxic DA and
endothelium-dependent relaxation in the hyperoxic group. The presence of a TP
receptor antagonist unmasked a relaxant response to H2O2 in the normoxic DA
and the COX inhibitor indomethacin blocked H2O2-induced contraction (in the
normoxic group) and relaxation (in the hyperoxic group). Altogether our
functional data suggest that exogenous H2O2 induces the release of
endothelium-based COX metabolites with contractile and relaxant properties in
the chicken DA. Under normal conditions H2O2-induced contraction prevails but
relaxation is unmasked after pharmacological or functional (i.e. hyperoxia) TP
receptor impairment.
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4.4.1 Hyperoxic incubation of chicken embryos did not affect ductus arteriosus
O2 responsiveness
Although incubation of eggs under 60% O2 increases the blood Po2 of chicken
embryos to post-hatch levels (31), we did not observe signs of DA constriction
or changes in the DA responsiveness to O2 in E19 embryos. Transition to exovo life in chickens is initiated on around incubation day 20 when the embryo
internally pips the air cell of the egg with its beak and begins breathing relatively
hypoxic air cell gas (Po2 ~14.5 kPa) (1, 15). However, it is not until the embryo
breaks the eggshell and begins to breath normoxic air during external pipping
that the blood Po2 increases and the DA is stimulated to close (1, 9, 15). We
observed that O2 sensitivity was not altered by in ovo exposure to 60% O2.
Copeland and Dzialowski analyzed the responsiveness to O2, KCl and
catecholamines (epinephrine and norepinephrine) in the DA of E16, E18,
internally pipped E20 and externally pipped chicken embryos exposed to 30%
O2 from the first day of incubation (15). In agreement with our results, they
found that in the non-internally pipped E18 embryo O2-, KCl-, and
catecholamine-induced contractions were not affected by hyperoxic incubation
(15). In contrast, the DA from the hyperoxia-incubated E20 internally pipped
embryos showed a higher O2-induced contraction than the normoxia-incubated
age- matched controls. In addition, the DA from externally-pipped hyperoxic
embryos was completely closed, whereas the DA from normoxic embryos was
still open (15). In the study of Copeland and Dzialowski, hyperoxia was
maintained during internal and external pipping and therefore the chicks were
relying on pulmonary gas-exchange. It is only under these conditions that the
response to O2 was increased and ductal closure accelerated (15). Taken
together, these and our results indicate that high O2 tension in chicken embryos
relying on choriallantoic respiration does not stimulate constriction of the
relatively immature E19 DA. In addition, the developmental trajectory of the O2sensitive machinery of the DA is not affected by early and prolonged exposure
to O2. In contrast, using a very different experimental setting, Michelakis et al.
found that 72 hours of exposure to O2 induced depolarization and reduced
expression of O2-sensitive K+ channels in human DA smooth muscle cells,
resulting in selective failure to constrict in response to O2 (34).
4.4.2 Hyperoxic incubation reduced ductus arteriosus responsiveness to
thromboxane prostanoid receptor stimulation
Although a chicken ortholog for the human TP receptor gene has not yet been
found (35), chicken platelets (36), leukocytes (37) and blood vessels (12)
produce thromboxane. Moreover, the TP receptor agonist U46619 is an
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efficacious contractile agent in chicken embryo pulmonary (11, 38), mesenteric
(39, 40), femoral (11) and chorioallantoic (19, 41) arteries as well as in the DA
(3, 11, 12). Other prostanoids such as PGE2 or the IsoPs 15-E2t-IsoP and 15F2t-IsoP also evoke TP receptor-mediated contraction in the chicken DA (4, 11).
Finally, high concentrations of ACh induced in the chicken DA an endotheliumdependent contraction, which involved COX-1 activation and TP receptor
stimulation (12). Therefore, TP receptor(s) are functionally present in the
chicken DA and may play a pivotal role in the regulation of its vascular tone.
We found that the TP receptor-mediated contraction evoked by U46619, 15-E2tIsoP, and ACh was impaired in the DA from chicken embryos incubated under
hyperoxia. Furthermore, H2O2 evoked a TP receptor-mediated contraction in the
DA from normoxic embryos but relaxation in the hyperoxia group. This last point
is discussed in more detail below. The relation between oxidative stress and
vascular responsiveness to TP receptor stimulation is complex and with our
present functional results we can only speculate on the mechanisms
responsible for the hyporesponsiveness that we observed in the hyperoxic
group. In addition, the chicken TP receptor has not been cloned, making not
possible to analyze the changes in gene expression evoked by hyperoxia.
Chronic alveolar hyperoxia impaired the pulmonary vasoconstriction elicited by
TP receptor agonism in the adult sheep but the mechanisms responsible have
not been clearly established (42). On the other hand, several studies
demonstrate that H2O2-induced oxidative stress increases vascular TP
sensitivity and predisposes blood vessels to constrictor prostanoids (43, 44).
Interestingly, Belik et al. found that hyperoxia-induced pulmonary artery
hyporesponsiveness to TP receptor stimulation was only present in the adult rat,
whereas neonatal rats chronically exposed to O2 showed enhanced vascular
and airway smooth muscle contraction to U46619 (45). However, it should be
noted that the neonatal pulmonary artery hyperresponsiveness to U46619 was
accompanied by increased response to KCl and reduced vascular endotheliumindependent relaxation (45), whereas we found that hyperoxia in the chicken DA
selectively affected TP receptor- mediated contraction.
4.4.3 Normoxic ductus arteriosus contracted and hyperoxic ductus arteriosus
relaxed in response to exogenous H2O2
H2O2, a membrane permeable and relatively stable reactive O2 species (ROS),
has emerged as an important signaling molecule in the regulation of
physiological and pathophysiological processes in vascular cells (46, 47).
Extensive evidence points to a role for H2O2 in the normoxic contraction of
mammalian and chicken DA. In the DA, O2- induced constriction is thought to be
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mediated, at least in part, by the inhibition of KV channels, resulting in
membrane depolarization, and Ca2+ entry through voltage operated Ca2+
channels (48, 49). Michelakis et al. (34, 49, 50) proposed a model in which a
rise in O2 modulates the function of the mitochondrial electron transport chain
(ETC, the sensor), leading to an increased production of H2O2 (the mediator)
which causes the inhibition of KV channels (the effector). H2O2-mediated
activation and induction of Rho kinase has been identified as another
downstream effector of the O2-sensing system in mammalian DA (51-53). In the
chicken DA, a similar mechanism implicating H2O2 as mediator of O2-induced
contraction has been characterized (6, 8). Thus, O2 induced an increase in H2O2
production in the pulmonary part of chicken DA but not in the aortic side of the
vessel (6). Moreover, O2-induced contraction of chicken DA was impaired by
H2O2 scavengers (6, 8) and, in a striking similarity with O2, exogenous H2O2
contracted the pulmonary part of chicken DA and relaxed the aortic side of the
vessel (6). Finally, the responses to O2 and exogenous H2O2 undergo a parallel
maturation process between E15 and E19-20 (6).
Extracellular application of H2O2 appears to be directly relevant to biology and
may mimic signaling by endogenously produced H2O2 (47, 54, 55). We
observed that exogenous H2O2 evoked a contraction in the pulmonary side of
the DA from normoxic embryos, as previously described (6, 7). In contrast, H2O2
relaxed the DA from the hyperoxia-incubated embryos. In order to understand
this intriguing finding, we investigated the effects of hyperoxia on the mRNA
expression of antioxidant enzymes and we further analyzed the mechanisms
involved in the chicken DA response to exogenous H2O2. We discuss the former
here and the latter in the next paragraph. Van Golde et al. demonstrated that
incubation of chicken embryos under 60% O2 produce an increase in the activity
of SOD, catalase and glutathione peroxidase, which was dependent on the
enzyme, organ (brain, heart, liver, intestine and lung), incubation time and time
point of exposure (31). Intracellular H2O2 levels are lowered by catalase, by the
reverse activity of SOD, by a range of peroxidases, and by passive and active
diffusion into the extracellular space (54). Thus, hyperoxia-induced alterations in
the antioxidant system of the DA might have led to accelerated or delayed H2O2
kinetics resulting in an alteration of the response to exogenous H2O2. However,
this explanation is unlikely because we did not observe, at least at the level of
mRNA expression, a significant induction of catalase or SOD in the chicken DA
following hyperoxic incubation.
A large body of experimental evidence has accumulated demonstrating that
exogenous H2O2 can cause either vasoconstriction or relaxation depending on
species, vascular bed, contractile state of the vessel and presence of certain
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pathophysiological conditions (6, 46, 56-60). H2O2-induced vasoconstriction has
been related to stimulation of TP receptors by products of arachidonic acid
metabolism via COX (47, 57, 59, 61). It has also been linked to increased L-type
Ca2+ channel activity (62) and to activation of protein kinases (61, 63).
Conversely, the relaxation involves endothelium-dependent and -independent
mechanisms, which could be mediated by nitric oxide (64), COX-derived
relaxant prostaglandins (47, 65), or carbon monoxide (44). The signal
transduction mechanisms involved in H2O2-induced relaxation include activation
of guanylate cyclase with subsequent increase in cGMP and PKG activation
(66), cGMP-independent mechanisms of PKG activation (66), increase in cAMP
(60), or membrane hyperpolarization (67). We observed that the contraction in
the normoxic DA and the relaxation in the hyperoxic DA were blunted by
endothelium removal or COX inhibition. Interestingly, the presence of a TP
receptor antagonist unmasked a relaxant response to H2O2, which was very
similar to the one observed in the hyperoxic DA. The relaxation evoked by H2O2
was not affected by inhibition of guanylate cyclase. Altogether these data
suggest that H2O2 induces the release of endothelium-derived COX
metabolite(s) with contractile and relaxant properties in the chicken DA. The
predominant action of H2O2 would be the TP receptor-mediated contraction but
when this effect is impaired, such as is the case of hyperoxia or TP receptor
antagonism, the relaxation is unmasked.
The identification of the COX product(s) responsible for the effects of H2O2 in
the chicken DA warrants further investigation. As mentioned above, the vascular
actions of H2O2 have been linked to the production of contractile and relaxant
prostanoids. In the chicken embryo DA, PGE2 has been shown to induce TP
receptor-mediated contraction and EP receptor-mediated relaxation (4). This
makes this prostanoid a good candidate for explaining the divergent actions of
exogenous H2O2 in the chicken DA. Work in progress in our laboratory is
currently testing this hypothesis.
Another intriguing finding of our study is that despite the altered response to
exogenous H2O2 observed in the hyperoxic DA, the contraction induced by O2
was not affected. These observations challenge the role of H2O2 as intermediate
in O2-induced contraction of the chicken DA. However, it should be noted that
although extracellular application of H2O2 appears to mimic the endogenous
release of H2O2, endogenous H2O2 is frequently present at much lower
concentrations and for less time than extracellular H2O2 (54, 55). Moreover,
during O2-induced contraction, H2O2 is produced in the DA smooth muscle cells
where it directly exerts its action as mediator (18, 34). Accordingly, O2-induced
contraction in the chicken DA is impaired by the presence of the H2O2
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scavenger catalase but is not significantly affected by endothelium removal (6).
In contrast, we observed that the contractile effects of exogenous H2O2 are
endothelium-dependent. Therefore, despite producing the same effect as O2 in
the chicken DA (i.e., contraction), exogenous H2O2 and O2 do not share a
common transduction mechanism. As reviewed by Forman, exogenous H2O2
may mimic signaling by endogenously produced H2O2 and has the same
advantage as using any other membrane-permeable second messenger (55).
The primary disadvantage of its use is that the results can be misleading
because H2O2 may produce other effects instead of or in addition to what the
endogenously produced H2O2 can do (55). In order to assess the real role of
H2O2, a combination of experimental approaches needs to be used and
particular attention paid to the kinetics and concentration dependence of the
reactions in which H2O2 is proposed to participate.
4.4.4 Perspectives and significance
Mammalian fetuses and avian embryos develop in a relatively hypoxic
environment and it is under these conditions that the DA, a specialized O2sensitive tissue, undergoes its specific developmental program in preparation
for postnatal closure. Infants born very prematurely are exposed to normoxia or
even to hyperoxia when this developmental program is far from being
completed. The new situation includes not only a higher O2 tension but also
changes in the hemodynamic forces to which the vessel is subjected (i.e.,
pressure, velocity and direction of flow) as consequence of the circulatory
adaptation to the replacement of the placenta by the lung as gas exchange
organ (25). Under these new conditions the DA frequently fails to complete its
developmental program, resulting in failure of postnatal closure. Hyperoxic
incubation of chicken embryos allows isolating the effects of O2 in DA
development without the interferences of maternal factors and in the presence
of a prenatal circulatory pattern. Our study provides evidence that changes in
O2 tension alters the normal development of the DA. However, the alterations
induced by hyperoxia did not result in changes in O2 responsiveness of the
vessel. Further investigations are warranted to analyze the contractile pathways
that are down- or up-regulated by hyperoxia in the chicken DA and to explore
whether changes in O2 tension affected the normal development of other
specialized O2-sensitive vessels like the pulmonary (68) or the chorioallantoic
arteries (19).
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Chapter 5

Vasoactivity of the gasotransmitters
hydrogen sulfide and carbon monoxide
in the chicken ductus arteriosus
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Abstract
Besides nitric oxide (NO) and carbon monoxide (CO), hydrogen sulfide (H2S) is
a third gaseous messenger that may play a role in controlling vascular tone and
has been proposed to serve as an O2 sensor. However, whether H2S is
vasoactive in the ductus arteriosus (DA) has not yet been studied. We
investigated, using wire myography, the mechanical responses in- duced by
Na2S (1 µM–1 mM), which forms H2S and HS— in solution, and by authentic CO
(0.1 µM-0.1 mM) in DA rings from 19-day chicken embryos. Na2S elicited a
100% relaxation (pD2 4.02) of 21% O2-contracted and a 50.3% relaxation of
62.5 mM KCl-contracted DA rings. Na2S-induced relaxation was not affected by
presence of the NO synthase inhibitor L-NAME, the soluble guanylate cyclase
(sGC) inhibitor ODQ, or the K+ channel inhibitors tetraethylammonium (TEA;
nonselective), 4-aminopyridine (4-AP, KV), glibenclamide (KATP), iberiotoxin
(BKCa), TRAM-34 (IKCa), and apamin (SKCa). CO also relaxed O2-contracted
(60.8% relaxation) and KCl-contracted (18.6% relaxation) DA rings. CO-induced
relaxation was impaired by ODQ, TEA, and 4-AP (but not by L-NAME,
glibenclamide, iberiotoxin, TRAM-34 or apamin), suggesting the involvement of
sGC and KV channel stimulation. The presence of inhibitors of H2S or CO
synthesis as well as the H2S precursor L-cysteine or the CO precursor hemin
did not significantly affect the response of the DA to changes in O2 tension.
Endothelium-dependent and -independent relaxations were also unaffected. In
conclusion, our results indicate that the gasotransmitters H2S and CO are
vasoactive in the chicken DA but they do not suggest an important role for
endogenous H2S or CO in the control of chicken ductal reactivity.
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5.1 Introduction
Nitric oxide synthesized from L-arginine by nitric oxide synthase (NOS) and
carbon monoxide (CO) synthesized from heme by heme oxygenase (HO) are
well-known gaseous messengers that, among several other functions, play a
pivotal role in the regulation of vascular tone (39). Recent studies indicate that
another gas, hydrogen sulfide (H2S), is also produced in substantial amounts in
a variety of cells and exerts many physiological effects, suggesting its potential
role as a regulatory mediator (39, 45, 51). Two key enzymes in the transsulfuration pathway, cystathionine β-synthase (CBS) and cystathionine 𝛾lyase(CSE), have been consistently shown to produce H2S, using L-cysteine as
substrate (39, 45, 51, 57). The expression of CBS is more abundant in liver and
neuronal tissues, while CSE is the dominant H2S-generating enzyme in the
cardiovascular system. A growing amount of research supports that by
modulating vascular tone, promoting apoptosis of vascular smooth muscle
cells, and inhibiting proliferation-associated vascular remodeling, H2S
participates in the regulation of both function and structure of the circulatory
system (39, 41, 45, 49, 51, 57, 69, 70).
The ductus arteriosus (DA) is a large fetal shunt connecting the pulmonary
artery to the aorta, allowing most of the right ventricular output to bypass the
unexpanded lungs (10, 56). Although the cyclooxygenase pathway, with PGE2
as its major effector, is assigned a prime role in the active maintenance of fetal
DA patency, the gasotransmitters NO and CO are viewed as additional effectors
acquiring prominence under certain conditions (7). However, whether the third
gaseous mediator, i.e., H2S, is also a modulator of DA tone has not been
investigated so far.
The failure of the DA to close after birth is a neonatal complication, often
associated with premature birth, which can negatively impact the outcome of
preterm infants (56). Therefore, advancing our knowledge on the mechanisms
that regulate vascular tone in the DA and its developmental biology may have
direct clinical significance. Recently, the chicken embryo has emerged as a
suitable model for the study of DA developmental biology (56). Our group and
another laboratory have characterized the responsiveness of the chicken DA to
several mediators that participate in the control of ductal tone in mammals,
including O2, NO, CO2, PGs, sex hormones, and catecholamines (2– 4, 9, 20,
33, 34, 46, 61). Since the gasotransmitters H2S and CO are important
endogenous signaling molecules in numerous vascular beds, we hypothesized
that they would be vasoactive also in the chicken DA. Moreover, since H2S has
been proposed as vascular O2 sensor, we hypothesized its role in the process
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of O2 sensing/signaling in the DA. To test these hypotheses, we analyzed, using
wire myography, the mechanical responses induced by Na2S, which forms H2S
and HS— in solution (26), and by authentic CO (62) in chicken DA rings. We
also evaluated the effects of the precursors and inhibitors of the endogenous
synthesis of either H2S or CO on ductal reactivity and responsiveness to O2.
The DA was compared with femoral and pulmonary arteries, which respond in
disparate ways to changes in O2 tension (2, 20, 53, 72).

5.2 Methods
5.2.1 Embryo incubation and vessel isolation
All experimental procedures were carried out according to the regulations of the
Dutch Law on Animal Experimentation and the European Directive for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (86/609/EU) and were approved by the Committee on Animal
Experimentation of the University of Maastricht. Fertilized eggs of White
Leghorn chickens (Het Anker, Ochten, The Netherlands) were incubated at a
temperature of 37.8°C/45% air humidity and automatically rotated once every
hour over an angle of 90 degrees (incubator model 25HS; Masalles Comercial,
Spain). Embryos incubated for 15 and 19 days of the 21-day incubation period
were studied. The majority of the experiments were performed in 19-day (noninternally pipped) embryos, while for the study of developmental changes, the
15-day and the 19-day vessels were compared. The experiments involving
pulmonary arteries were performed in externally pipped 21-day embryos,
because pulmonary arteries from 19-day embryos show, in general, weak
vasomotor responses (63). On the experimental day, the embryos were taken
out, immediately killed by decapitation, and a midline laparotomy and
sternotomy were performed. With the aid of a dissecting microscope, the right
and the left DA were carefully dissected free from surrounding tissue, severed
distal to the origin in the right or left pulmonary artery and proximal to the
insertion into the aorta, and divided in two segments referred to as pulmonary
side and aortic side (PulmDA and AoDA, respectively). The boundary between
pulmonary and aortic side was determined based on the marked differences in
diameter observed along the chicken DA (2, 4). In some embryos, rings of the
femoral and the caudomedial intrapulmonary arteries were also obtained, as
previously described (63, 72).
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5.2.2 Recording of arterial reactivity
Two stainless steel wires (diameter 40 µm) were inserted into the lumen of the
vessels, which were mounted as ring segments (mean length, 1.72 mm, SD
0.31) between an isometric force transducer and a displacement device in a
myograph (model 610M; Danish Myo Technology, Aarhus, Denmark). The
myograph organ bath (5 ml volume) was filled with Krebs-Ringer bicarbonate
(KRB) buffer maintained at 39°C. After an equilibration period of 30 min, the
vessels were distended to a resting tension corresponding to a transmural
pressure of 10 mmHg (15-day embryos) or 20 mmHg (19-day and 21-day
embryos). These pressures correspond to the mean arterial blood pressure
reported in chicken embryos at the corresponding age (6) and elicit the highest
contractile response to KCl, as determined in previous experiments (33, 46).
After 30 min of incubation at basal tone, a control contraction was elicited by
raising the K+ concentration of the buffer to 62.5 mM (in exchange for Na+).
During the first phase of mounting and stabilization, DA rings were maintained
in KRB buffer aerated with 95% N2/5% CO2 (Po2 2.48 kPa, SD 0.34, n = 12,
measured with an ABL 510 blood gas analyzer; Radiometer Copenhagen,
Denmark). Afterward, the gas mixture was switched to 21% O2/74% N2/5% CO2
(Po2 19.16 kPa, SD 1.15, n = 12) to induce a normoxic contraction of the
PulmDA (2, 3). The relaxations evoked by H2S and CO were mainly studied
during this normoxic contraction, but some experiments (see results, paragraph
5.3) were performed in vascular rings (DA, femoral, and pulmonary arteries)
precontracted with KCl (62.5 mM) or phenylephrine (10 µM) and aerated with
5% O2/90% N2/5% CO2 (Po2 6.96 kPa, SD 0.52, n = 12) or with 95% N2/5%
CO2. The latter gas mixture was also used to induce a direct hypoxic
contraction in AoDA and pulmonary artery rings.
5.2.3 Response of chicken DA to exogenous H2S and CO
Na2S (1 µM–1 mM), which forms H2S and HS— in solution, was used to analyze
the response to H2S because of its availability with a reduced amount of
elemental sulfur impurities (26, 27). Na2S was dissolved in deoxygenated
HEPES buffer under 100% N2 and titration to pH 7.4 with HCl.
Concentration-response curves to CO (0.1 µM-0.1 mM) were conducted by
addition of increasing volumes of a HEPES buffer solution (pH 7.4) saturated
with CO, as previously described (62). The concentration of CO in the saturated
solution was estimated from the solubility of CO in water at 25°C and 1 atm of
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pressure (62). We assumed that the loss of added CO from the HEPES solution
at the time of measuring relaxation was negligible. Because this assumption
was not strictly correct, actual concentrations of CO in the organ chamber might
be somewhat lower than estimated (62).
To assess the mechanisms involved in the response of the chicken DA to the
different vasoactive mediators, some experiments were performed in the
presence of the following pharmacological tools: the NOS inhibitor NG-nitro-Larginine methyl ester (L-NAME; 0.1 mM), the soluble guanylate cyclase (sGC)
inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 10 µM), the nonselective K+ channel inhibitor tetraethylammonium (TEA, 5 mM), the voltagegated K+ channel (KV) inhibitor 4-aminopyridine (4-AP; 10 mM), the ATPsensitive K+ channel (KATP) inhibitor glibenclamide (10 µM), the largeconductance Ca2+-activated K+ channel (BKCa) inhibitor iberiotoxin (100 nM),
the intermediate-conductance KCa (IKCa) channel inhibitor TRAM-34 (1 µM), the
small-conductance KCa (SKCa) channel inhibitor apamin (50 nM), the TP
receptor antagonist SQ29548 (10 µM), the dual endothelin (ET) receptor
antagonist bosentan (10 µM), the L-type Ca2+ channel blocker nifedipine (10
µM), and the sarcoendoplasmic reticulum Ca2+-ATPase inhibitor thapsigargin (2
µM). Parallel control experiments were always carried out to correct for the
possible effects of the different vehicles used to dissolve the drugs. In another
group of experiments, the endothelium was removed by gentle rubbing of the
vessel lumen with a horse tail, as previously described (4). The absence of a
functional endothelium was verified by the failure of acetylcholine (1 µM) to
induce relaxation of the vascular tissues precontracted with phenylephrine (10
µM) (4).
5.2.4 Effects of endogenous H2S and CO on DA reactivity
In this group of experiments, the effects of inhibiting or stimulating H2S and CO
synthesis on the response of the PulmDA to normoxia and hypoxia were
examined. O2-induced contraction in the chicken DA is easily reversible when
returning to hypoxia and highly reproducible in two consecutive challenges (20).
Thus, each vessel was exposed twice to a cycle of hypoxia-normoxia-hypoxia
and the second exposure was elicited in the presence of vehicle (control), the
CSE-inhibitor D,L- propargylglycine (PPG; 1 mM), the CBS-inhibitor aminooxyacetate (AOA; 1 mM), the substrate for endogenous H2S production (Lcysteine; 1 mM), the HO-inhibitor zinc protoporphyrin IX (ZnPP IX; 10 µM), or
the substrate for endogenous CO production hemin (10 µM). Experiments
involving ZnPP or hemin were carried out in the dark (19). Due to the scarce
information on the effects of the above mentioned compounds in chicken
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tissues, doses were selected based on their effects in mammalian tissues (7,
19, 52, 65).
In previous studies, we demonstrated that acetylcholine (ACh) evoked an
endothelium-dependent (NO-mediated) relaxation, whereas the NO donor
sodium nitroprusside (SNP) evoked an endothelium- independent relaxation in
the chicken DA (4). To analyze the possible role of H2S and CO in these
relaxations, concentration response curves to ACh (10 nM-10 µM) and SNP (10
nM – 0.1 mM) were constructed in O2-contracted DA rings in the absence or
presence of PPG (1 mM), AOA (1 mM), L-cysteine (1 mM), or ZnPP IX (10 µM).
5.2.5 Drugs and solutions
KRB buffer contained (in mmol/l): 118.5 NaCl, 4.75 KCl, 1.2 MgSO4·7 H2O, 1.2
KH2PO4, 25.0 NaHCO3, 2.5 CaCl2, 5.5 glucose. HEPES buffer contained (in
mmol/l): 142.9 NaCl, 4.75 KCl, 1.2 MgSO4·7H2O, 1.2 KH2PO4, 2.5 CaCl2, 5.5
glucose,15.0 HEPES. Solutions containing different concentrations of K+ were
prepared by replacing NaCl by an equimolar amount of KCl. CO was obtained
from Lindegas Benelux. Tetraethylammonium chloride, glibenclamide, and Lcysteine were obtained from Alexis Biochemicals (Lausen, Switzerland).
SQ29548 was obtained from Cayman Chemical (Ann Arbor, MI). All other drugs
were obtained from Sigma (St. Louis, MO). All drugs were initially dissolved in
distilled deionized water, except ODQ, TRAM-34, ZnPP IX, hemin, and
SQ29548, which were dissolved in DMSO, nifedipine, which was dissolved in
ethanol and 4-AP, which was directly dissolved in KRB buffer.
5.2.6 Data analysis
Results are presented as the mean (SD) of measurements in the number of (n)
embryos. For clarity of figures, results are shown as means ± SE. Contractions
are expressed in terms of active wall tension, calculated as the force divided by
twice the length of the arterial segment (mN/mm). Relaxations are expressed
as the percentage of reduction of the contraction induced by 21% O2, KCl or
phenylephrine. Sensitivity/potency (expressed as pD2 = —logEC50) and
efficacy (expressed as Emax) were calculated by nonlinear regression analysis
of the concentration-response curves. Differences between mean values were
assessed by unpaired t-tests or one-way ANOVA, followed by post hoc
Bonferroni t-test. Differences were considered statistically significant at P <
0.05. All analyses were performed using a commercially available statistics
package (Graph-Pad Prism version 5, GraphPad InStat version 3.00; GraphPad
Soft- ware, San Diego, CA).
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5.3 Results
5.3.1 Response of chicken embryo vessels to contractile stimuli
In endothelium-intact PulmDA rings from 19-day chicken embryos, exposure to
21% O2 evoked a mean contraction of 0.342 mN/mm (SD 0.07, n = 48). KCl
(62.5 mM, in the presence of 5% O2) evoked a mean contraction of 0.121 mN/
mm (SD 0.04, n = 14) in PulmDA rings from 15-day embryos, 0.462 mN/mm
(SD 0.04, n = 18) in PulmDA rings from 19-day embryos, 0.512 mN/mm (SD
0.16, n = 12) in AoDA rings from 19-day embryos, 1.423 mN/mm (SD 0.22, n =
16) in femoral artery rings from 19-day embryos, and 0.543 mN/mm (SD 0.12, n
= 9) in pulmonary artery rings from 21-day embryos. KCl (62.5 mM, in the
presence of 0% O2) evoked a mean contraction of 0.503 mN/mm (SD 0.12, n =
6) in PulmDA rings from 19-day embryos. Finally, phenylephrine (10 µM)
evoked, in PulmDA rings from 19-day embryos, mean contractions of 0.587
mN/mm (SD 0.18, n = 6) and 0.596 mN/mm (SD 0.19, n = 6) under 0% and 5%
O2, respectively.

Fig. 5.1. Relaxant effects of Na2S in chicken embryo ductus arteriosus (DA). Representative tracing
of active wall tension vs. time showing the response of 2 O2-contracted DA rings (19-day,
pulmonary side; A and B) and two 62.5 mM KCl-contracted DA rings (19-day, pulmonary side; C
and D) to cumulative (A and C) or single (B and D) concentrations of Na2S. Values indicate log M
[Na2S]. KCl-induced contractions were performed under 5% O2. The deflections observed in the
traces C and D (at the beginning of KCl-induced contractions) correspond to the replacement of the
buffer.
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5.3.2 Response to Na2S
Na2S relaxed O2-contracted PulmDA rings (19-day) in a dose-dependent
manner (Figures 5.1A and 5.2A; pD2 4.02, SD 0.12, n = 13). When the PulmDA
rings (19-day) were precontracted with KCl (62.5 mM in the presence of 0% or
5% O2), Na2S also evoked a concentration-dependent relaxation (Figs. 5.1C
and 5.2A) with similar potency (0% O2: pD2 3.97, SD 0.38, n = 6; 5% O2: pD2
4.16, SD 0.42, n = 9) but lower efficacy than the observed in O2-contracted
rings (Emax KCl-contracted 0% O2: 40.96%, SD 27.2; Emax KCl-contracted 5%
O2: 50.34%, SD 27.2; Emax O2-contracted: 100.71%, SD 18.4; P < 0.01 vs. KClcontracted in the presence of 0% or 5% O2). When PulmDA rings (19-day) were
precontracted with phenylephrine (10 µM, in the presence of 0% or 5% O2),
Na2S also evoked a concentration- dependent relaxation (Fig. 5.2A) with similar
potency (0% O2: pD2 4.48, SD 0.44, n = 6; 5% O2: pD2 4.51, SD 0.41, n = 6)
and efficacy as the ones observed in O2-contracted rings. As can be observed
in Fig. 5.1, A and C, the relaxations evoked by the lowest effective
concentrations (0.03– 0.1 mM) of Na2S were transient and followed by a
progressive return of the tone toward the precontraction level. To assess
whether this phenomenon was due to a biphasic effect (i.e., relaxation followed
by contraction), we analyzed the time pattern of a more prolonged (>30 min)
exposure to Na2S (0.1 mM, Figs. 5.1, B and D). The level of tension reached
after > 30 min of exposure to Na2S was 0.373 mN/mm (SD 0.14, n = 6) in the
O2-contracted PulmDA rings and 0.493 mN/mm (SD 0.16, n = 6) in the KClcontracted vessels. This level of tension was not significantly different from the
one observed in time-control experiments (O2-contracted: 0.358 mN/mm, SD
0.18, n = 4; KCl-contracted: 0.511, SD 0.21, n = 4). This suggests that Na2S did
not evoke an actual contraction and that the concentration of H2S might have
been reduced due to constant bubbling of O2, CO2, and N2 in the organ bath,
inducing the progressive return of active wall tension towards the precontraction
line. KCl-contracted PulmDA rings from 15-day embryos were relaxed by Na2S
(Fig. 5.2B) with similar potency (pD2 4.24, SD 0.14, n = 6) and efficacy (Emax
34.25%, SD 13.6) as observed for 19-day PulmDA rings. Na2S also relaxed
KCl-contracted 19-day AoDA rings (pD2 3.98, SD 0.18, n = 9), 19-day femoral
artery rings (pD2 4.23, SD 0.34, n = 8), and 21-day pulmonary artery rings (pD2
4.29, SD 0.28, n = 9) with similar potency and efficacy as observed for 19-day
PulmDA rings (Fig. 5.2B).
The efficacy (Fig. 5.2C) and the potency of Na2S to relax O2-contracted
PulmDA rings (19-day) were not affected by endothelium removal (pD2 3.89,
SD 0.22, n = 6), or by the presence of the NOS inhibitor L-NAME (pD2 4.11, SD
0.13, n = 10), the sGC inhibitor ODQ (pD2 3.92, SD 0.17, n = 8), the
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Fig. 5.2. A: mean ± SE cumulative dose-response curves for Na2S in 21% O2-, 62.5 mM KCl-, or 1
µM phenylephrine (Phe)-contracted 19-day DA (pulmonary side) rings. KCl and Phe contractions
were performed under 0% and 5% O2. **P < 0.01 for difference in Emax compared with KClcontracted. B: mean ± SE cumulative dose-response curves for Na2S in KCl-contracted DA
(PulmDA, pulmonary side; AoDA, aortic side), femoral and pulmonary artery rings from 15-day, 19day, and 21-day chicken embryos. Contractions were performed under 5% O2. C and D: maximal
relaxation (mean ± SE) evoked by Na2S (1 µM–1 mM) in O2-contracted (C) and 10 µM Phecontracted (D) PulmDA rings (19-day) after endothelium removal (E-) or in the presence of the nitric
oxide (NO) synthase inhibitor NG-nitro-L-arginine methyl ester (L-NAME; 0.1 mM), the soluble
guanylate cyclase inhibitor ODQ (10 µM), the nonselective K+ channel inhibitor tetraethylammonium
(TEA; 5 mM), the voltage-gated K+ channel (KV) inhibitor 4-aminopyridine (4-AP; 10 mM), the ATPsensitive K+ channel (KATP) inhibitor glibenclamide (10 µM), the large-conductance Ca2+-activated K
+ channel (BKCa) inhibitor iberiotoxin (100 nM), the intermediate-conductance KCa (IKCa) channel
inhibitor TRAM-34 (1 µM), or the small-conductance KCa (SKCa) channel inhibitor apamin (50 nM).
The experiments involving Phe (D) were performed under 0% O2 (Po2, ~2.5 kPa). The data are
expressed as % response observed in the control (endothelium intact, vehicle-treated) group.

nonselective K+ channel inhibitor TEA (pD2 4.07, SD 0.12, n = 6), the KV
channel inhibitor 4-AP (pD2 4.01, SD 0.14, n = 8), the KATP channel inhibitor
glibenclamide (pD2 4.08, SD 0.23, n = 11), the BKCa channel inhibitor iberiotoxin
(pD2 4.14, SD 0.16, n = 6), the IKCa channel inhibitor TRAM-34 (pD2 4.02, SD
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0.18, n = 6), or the SKCa channel inhibitor apamin (pD2 3.96, SD 0.18, n = 6). A
significant contraction (P < 0.05 vs. the respective vehicle) was observed
following the 20- to 30-min incubation with L-NAME (0.101 mN/mm, SD 0.08),
ODQ (0.132 mN/mm, SD 0.09), and 4-AP (0.124 mN/mm, SD 0.05), but not
following incubation with TEA, iberiotoxin, TRAM-34, or apamin. The
subsequent contraction induced by O2 was significantly reduced (0.246 mN/
mm, SD 0.09, n = 8, P < 0.05 vs. control) when the PulmDA rings were
incubated with 4-AP. The other experimental conditions did not affect O2induced contraction in PulmDA rings. Finally, the efficacy (Fig. 5.2D) and the
potency (data not shown) of Na2S to relax 19-day PulmDA rings precontracted
with phenylephrine (10 µM, in the presence of 0% O2) were not significantly
affected by any of the above-described experimental conditions.
5.3.3 Role of H2S in oxygen sensing in chicken embryo vessels
To investigate whether endogenous H2S affected the response to O2 of chicken
DA, PulmDA rings (19-day) were exposed twice to a cycle of hypoxia-normoxiahypoxia, and the second exposure was elicited in the presence of vehicle or the
substrate for endogenous H2S production L-cysteine, the CSE inhibitor PPG, or
the CBS inhibitor AOA. As shown in Fig. 5.3, A–D, L-cysteine, PPG, and AOA
did not affect the subsequent contraction evoked by normoxia or the relaxation
evoked by hypoxia. A significant contraction (P < 0.05 vs. the respective
vehicle) was observed following the incubation with PPG (0.176 mN/mm, SD
0.12) and L-cysteine (0.210 mN/mm, SD 0.07) (see Fig. 5.4, A–C), but not
following incubation with AOA.
In a separate group of experiments, we examined the mechanisms involved in
L-cysteine-induced contraction of 19-day PulmDA rings. As shown in Fig. 5.3E,
L-cysteine-induced contraction was not significantly affected by O2 tension,
endothelium removal, or by the presence of PPG, AOA, the TP receptor
antagonist SQ29548, or the dual ET receptor antagonist bosentan. In contrast,
when 19-day PulmDA rings were incubated in a Ca2+-free medium (containing 1
mM EGTA) or with the L-type Ca2+ channel blocker nifedipine, the contraction
evoked by L-cysteine was significantly impaired. The remaining component of
the L-cysteine-induced tonic contraction in the absence of Ca2+ (0 mM Ca2+ + 1
mM EGTA) was almost completely inhibited by pretreatment with thapsigargin,
which depletes internal Ca2+ stores (44).
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Fig. 5.3. Lack of role for endogenous H2S in the response to normoxia/hypoxia of chicken DA. A–D:
DA rings (19-day, pulmonary side) were exposed twice to a cycle of hypoxia-normoxia-hypoxia and
the second exposure was elicited in the presence of vehicle, the substrate for endogenous H2S
production L-cysteine (1 mM), the cystathionine 𝛾-lyase inhibitor D,L-propargylglycine (PPG; 1 mM),
or the cystathionine β-synthase inhibitor amino-oxyacetate (AOA; 1 mM). Normoxic contraction and
hypoxic relaxation in D are expressed as % first maximal response in the same vessel. E: mean ±
SE active wall tension developed by DA rings (19-day, pulmonary side) in response to L-cysteine (1
mM). Except when otherwise stated, all the experiments were performed under 0% O2. L-Cysteineinduced contraction was not significantly affected by O2 tension, endothelium removal (E-), or by
the presence of PPG, AOA, the TP receptor antagonist SQ29548 (10 µM), or the dual endothelin
receptor antagonist bosentan (10 µM). In contrast, when vessels were incubated in a Ca2+-free
medium (containing 1 mM EGTA, 0 Ca2+) or with the L-type Ca2+ channel blocker nifedipine (10
µM), the contraction evoked by L-cysteine was significantly impaired. The remaining component of
the L-cysteine-induced tonic contraction in the absence of Ca2+ was almost completely inhibited by
pretreatment with the sarcoendoplasmic reticulum Ca2+-ATPase inhibitor thapsigargin (2 µM). *P <
0.05, **P < 0.01, ***P < 0.001 vs. control.
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Fig. 5.4. Relaxant effects of Na2S in chicken embryo vessels under hypoxic conditions (Po2, ~2.5
kPa). Hypoxia evoked a relaxation in the pulmonary side (PulmDA; A) and a tonic contraction in the
aortic side (AoDA; B) of the DA and in the pulmonary artery (PA; D). In the femoral artery (FA; C),
hypoxia induced a transient contraction. The PulmDA and the femoral artery rings were
subsequently precontracted with phenylephrine (10 µM) to evaluate the response to Na2S. In the
experiments involving AoDA and PA rings, the precontraction was the one evoked by hypoxia itself.
E–F: mean ± SE cumulative dose-response curves for Na2S in chicken embryo vessels exposed to
the experimental conditions described above. The responses to Na2S of nonprecontracted (resting
tension) AoDA and PA rings (bubbled with 21% O2) are also depicted (F).

Olson et al. (52) reported that H2S and hypoxia produced the same mechanical
response in vessels from at least one species in every vertebrate class and that
the effects of H2S and hypoxia were competitive. As described above, hypoxia
and H2S evoked relaxation in the chicken PulmDA rings. However, this effect
did not appear to be competitive since Na2S relaxed KCl- and phenylephrinecontracted PulmDA rings under hypoxic conditions (Figs. 5.2A and 5.4, A and
E). To assess whether hypoxia and H2S evoked similar responses in other
chicken embryo vessels, we studied AoDA, femoral, and pulmonary artery
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rings. Hypoxia evoked a tonic contraction in the AoDA (0.162 mN/mm, SD 0.11,
n = 6) and the pulmonary artery rings (0.109 mN/mm, SD 0.10, n = 9) (Fig. 5.4),
as previously described (2, 20, 73). This hypoxic contraction was relaxed by
Na2S in a concentration-dependent manner (pD2 AoDA: 4.41, SD 0.32, n = 8;
pD2 pulmonary artery: 5.1, SD 0.41, n = 6). Interestingly, high concentrations (≥
0.1 mM) of Na2S evoked a transient contraction in the hypoxia-contracted
pulmonary artery rings (Figs. 5.4, D and F). In contrast, in the quiescent
(nonprecontracted) pulmonary artery and AoDA rings (exposed to 21% O2),
Na2S did not elicit significant mechanical effects (Fig. 5.4F). In the quiescent
femoral arteries, hypoxia induced a transient contraction (Fig. 5.4C), as
previously described (53). The tone of the vessels was subsequently increased
with phenylephrine (10 µM) to evaluate the response to Na2S under hypoxic
conditions. Na2S relaxed the hypoxic, phenylephrine-contracted femoral artery
rings in a concentration-dependent manner (pD2: 4.11, SD 0.36, n = 6, Fig. 4E).

Fig. 5.5. Relaxant effects of authentic CO in chicken embryo vessels. A–C: representative tracing of
active wall tension vs. time showing the response of an O2-contracted DA ring (19-day, pulmonary
side) (A), a 62.5 mM KCl-contracted DA ring (19-day, pulmonary side) (B), and a 62.5 mM KClcontracted DA ring (19-day, aortic side) (C) to increasing concentrations of CO. KCl contractions
were performed under 5% O2. Values indicate log M [CO]. D: mean ± SE cumulative dose-response
curves for CO in O2- or KCl-contracted DA (PulmDA, pulmonary side; AoDA, aortic side) and
femoral artery rings from 15- and 19-day chicken embryos. ***P < 0.001 for difference in maximal
relaxation when compared with KCl-contracted/19-day/PulmDA.
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5.3.4 Response to CO
As shown in Fig. 5.5, A and D, CO relaxed O2-contracted PulmDA rings (19day) in a dose-dependent manner. However, a maximum relaxation was not
achieved with the highest concentration of CO tested (0.1 mM), and a pD2
value could therefore not be calculated. When the PulmDA rings (19-day) were
contracted with KCl (62.5 mM in the presence of 5% O2), CO also evoked a
concentration-dependent relaxation (Figs. 5.5, B and D), which was significantly
lower than the relaxation observed when the vessels were precontracted with
21% O2. For example, the relaxation evoked by 0.1 mM CO was 61.86% (SD
30.57, n = 11) in O2-contracted PulmDA rings and 18.55% (SD 14.74, n = 21) in
KCl-contracted vessels (P < 0.001 vs. O2-contracted). CO also relaxed KClcontracted AoDA (Figs. 5.5, C and D) and femoral artery rings from 19-day
embryos and PulmDA rings from 15-day embryos with similar efficacy as the
one observed in PulmDA rings from 19-day embryos (Fig. 5.5D).
As shown in Fig. 5.6A, the relaxation induced by CO (0.1 mM) was markedly
impaired in the presence of the sGC inhibitor ODQ, the nonselective K+ channel
inhibitor TEA or the KV channel inhibitor 4-AP. Endothelium removal or the
presence of the KATP channel inhibitor glibenclamide, the BKCa channel inhibitor
iberiotoxin, the IKCa channel inhibitor TRAM-34, or the SKCa channel inhibitor
apamin did not significantly affect CO-induced relaxation (Fig. 5.6A). To
investigate whether the inhibition of KV channels also affected other relaxations
mediated through the sGC/cGMP pathway, we analyzed the effects of 4-AP on
the relaxation induced by the NO donor SNP in O2-contracted PulmDA rings. As
shown in Fig. 5.6B, the presence of 4-AP significantly impaired the potency
(pD2 5.16, SD 0.21, n = 7 vs. 5.58, SD 0.30, n = 6; P < 0.05) and the efficacy
(Emax 29.35%, SD 13.78 vs. 67.13%, SD 21.86, P < 0.01) of SNP.
In another group of experiments, we analyzed the effects of the HO-inhibitor
zinc protoporphyrin (ZnPP IX; 10 µM), and the substrate for endogenous CO
production hemin (10 µM) on the response of the PulmDA to normoxia.
Incubation for 20–30 min of PulmDA rings (19-day) with ZnPP IX did not affect
basal tone or O2-induced contraction (data not shown). A more prolonged
incubation (4 h) was performed with hemin (10 µM). During this prolonged
incubation a transient increase in the tone of the PulmDA rings was observed,
but this transient increase in wall tension was also observed in the vessels
incubated for 4 h in the presence of vehicle (DMSO). In the hemin group the
second response to normoxia was 30.61% (SD 37.6, n = 5) of the first
contraction. However, a similar percentage of the first contraction was observed
in the control group (25.22%, SD 22.97, n = 4).

125

Fig. 5.6. A: maximal relaxation (mean ± SE) evoked by authentic CO (0.1 µM– 0.1 mM) in O2contracted DA rings (pulmonary side, 19-day) after endothelium removal (E-) or in the presence of
the NO synthase inhibitor L-NAME (0.1 mM), the soluble guanylate cyclase inhibitor ODQ (10 µM),
the nonselective K+ channel inhibitor tetraethylammonium (TEA; 5 mM), the voltage-gated K+
channel (KV) inhibitor 4-aminopyridine (4-AP; 10 mM), the ATP-sensitive K+ channel (KATP) inhibitor
glibenclamide (10 µM), the large-conductance Ca2+- activated K+ channel (BKCa) inhibitor iberiotoxin
(100 nM), the intermediate- conductance KCa (IKCa) channel inhibitor TRAM-34 (1 µM), or the smallconductance KCa (SKCa) channel inhibitor apamin (50 nM). The data are expressed as % response
observed in the control (endothelium intact, vehicle-treated) group. **P < 0.01, ***P < 0.001 vs.
control. B: mean ± SE cumulative dose-response curves for the NO donor sodium nitroprusside
(SNP) in O2-contracted DA rings (19-day, pulmonary side) in the absence (control) or the presence
of 4-AP (10 mM). **P < 0.01, for difference (vs. control) in Emax; #P < 0.05 for difference (vs. control)
in pD2.

5.3.5 Role of endogenous H2S and CO in the relaxations evoked by ACh and
SNP
In this group of experiments, we analyzed the effects of L-cysteine, PPG, AOA,
and ZnPP IX on the relaxations evoked by ACh and SNP in O2-contracted
PulmDA rings (19-day). As shown in Fig. 5.7, no significant effects were
observed. In contrast, the NOS inhibitor L-NAME (0.1 mM) impaired AChinduced relaxation (pD2 control: 6.95, SD 0.27, n = 9; pD2 L-NAME: 6.47, SD
0.28, n = 8; P < 0.05, Fig. 7C). The presence of ZnPP IX did not produce a
further effect on the inhibition elicited by L-NAME (pD2 ZnPP IX + L-NAME: 6.39,
SD 0.27, n = 8).
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Fig. 5.7. Mean ± SE cumulative dose-response curves for acetylcholine (ACh; A and C) and sodium
nitroprusside (SNP; B and D) in O2-contracted DA rings (19-day, pulmonary side, endothelium
intact) in the absence (control) or presence of L-cysteine (1 mM, H2S substrate) D,L-propargylglycine
(PPG; 1 mM, cystathionine 𝛾-lyase inhibitor), amino-oxyacetate (AOA; 1 mM, cystathionine βsynthase inhibitor), zinc protoporphyrin IX (ZnPP IX; 10 µM, heme oxygenase inhibitor), and LNAME (0.1 mM, NO synthase inhibitor). *P < 0.05, **P 0.01 for difference (vs. control) in pD2. #P <
0.05 for difference (vs. ZnPP IX) in pD2.

5.4 Discussion
Besides NO and CO, H2S is a third gaseous autocrine/ paracrine messenger,
which has recently been shown to play important physiological roles (39, 45,
50, 51, 57). The effects of H2S have been investigated in numerous mammalian
and nonmammalian blood vessels but not in the DA. In the present work, using
isolated DA rings from chicken embryos, we show that Na2S, which forms H2S
and HS— in solution, induces a concentration-dependent relaxation of this
vessel. Although we could not elucidate the mechanisms underlying this
relaxation, the pathway mainly involved in mammalian vessels (i.e., KATP
channel activation) does not appear to play a role in H2S-induced relaxation of
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the chicken DA. On the other hand, exogenous CO relaxed the chicken DA by a
pathway that involves sGC and KV channel activation. The presence of
precursors/inhibitors of H2S and CO synthesis did not significantly affect the
response of the chicken DA to normoxia/ hypoxia and did not affect
endothelium-dependent or -inde- pendent relaxation. Therefore, our results
indicate that the gasotransmitters H2S and CO are vasoactive in the chicken DA
but they do not suggest an important role for endogenous H2S or CO in the
control of chicken ductal reactivity.
5.4.1 H2S-induced relaxation of chicken DA
H2S relaxed chicken DA rings with similar potency (pD2 ~4) as the one reported,
for example, in rat aorta (pD2 3.86) (69), or rat mesenteric artery (pD2 3.98)
(15). These concentrations of H2S have been considered as physiologically
relevant by numerous investigators but it should be noted that recent studies
employing different analytical techniques have not verified micromolar
concentrations of H2S in blood or tissues (see Ref. 50 for review). The
exhaustive study of Dombkowski et al. (29) demonstrated that H2S (in the highmicromolar range) has vasoactive properties in at least one species from each
class of vertebrates. Interestingly, they show that H2S induces either vascular
relaxation or contraction and that these disparate responses may occur in
different vascular beds within a single species or even in the same vessel at
different levels of H2S exposure (29). When they analyzed the response to H2S
in avian blood vessels (Pekin duck aorta and pulmonary arteries), they
observed that H2S was mainly contractile in either unstimulated or
precontracted aorta, whereas in the pulmonary artery, H2S produced
multiphasic responses (29). In contrast, we observed that in chicken embryo
vessels H2S is mainly a relaxing agent. The information about the effects of H2S
in human vascular smooth muscle is limited, but H2S-induced relaxation has
been demonstrated in the internal mammary artery (65) and the corpus
cavernosum (22). However, low concentrations of H2S (50 µM) evoked a
contraction in the human mammary artery that appeared to be related to the
inactivation of NO (65). As discussed below, our experimental data do not
support the presence of an interaction between NO and H2S in chicken embryo
DA.
Na2S was less efficacious in relaxing chicken DA rings contracted with 62.5 mM
K+ than it was in vessels contracted with O2 or phenylnephrine, suggesting the
involvement of K+ channels in the relaxation. The currently available data
indicate that H2S relaxes mammalian blood vessels mostly by opening KATP
channels in smooth muscle cells (45). The KATP channel antagonist
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glibenclamide attenuated H2S-induced relaxation in several mammalian and
nonmammalian vessels, such as rat thoracic aorta (41, 59, 70), rat mesenteric
arteries (15), human internal mammary artery (65), and trout efferent branchial
artery (28). In addition, patch-clamp studies have demonstrated that H2S
increases KATP-dependent current and induces hyperpolarization in mammalian
vascular smooth muscle cells (59, 70). However, glibenclamide failed to affect
the relaxing effect of H2S in mouse aorta (37) and rat coronary artery (14). In
the latter vessel, H2S-induced relaxation was impaired by the presence of the
KV channel blocker 4-AP (14). In the chicken DA, neither glibenclamide, nor 4AP or inhibitors of other major known K+ channels altered H2S-induced
relaxation. This result is in correspondence with the lack of effect of K+ channel
blockers on H2S-induced relaxation in mammalian bronchial (36) and
gastrointestinal smooth muscles (24, 60) and suggests that the mechanisms
underlying H2S-mediated relaxation are strongly tissue- and speciesdependent.
It has been suggested that the reduced efficacy of H2S to relax smooth muscles
precontracted with KCl could be the result of the interference between Cl— and
HS— (27). HS—, which at physiological pH accounts for ~80% of the total H2S +
HS—, may interfere with a Cl— channel or transporter and this interference
would be diminished when transmembrane Cl— gradients are changed by using
high concentrations of KCl (27). However, this could not explain the difference
in efficacy we found since, in our experiments, solutions containing different
concentrations of K+ were prepared by replacing NaCl by an equimolar amount
of KCl. Therefore, the transmembrane Cl— gradient was not changed and could
not play a role in H2S induced relaxation.
A crosstalk between H2S and NO has been suggested in some vascular
tissues, but the mechanisms are still not clear (64). H2S has been shown to
either enhance (69) or attenuate (35) the relaxant effect of NO in the rat aorta. It
has been reported that H2S may impair NO-induced relaxation through the
inhibition of endothelial NOS (eNOS) (37), the scavenging of NO with the
formation of a nitrosothiol compound (66), the decrease in the sensitivity of the
cGMP pathway to NO (64), or the modification of KCa channels to decrease
their sensitivity to NO (64). On the other hand, NO may increase the expression
of CSE or the cellular uptake of cysteine (64). Our present results in the chicken
embryo DA do not suggest an interaction between H2S and NO in this vessel,
since inhibition of NOS and sGC did not affect H2S-induced relaxation.
Furthermore, the presence of inhibitors of H2S synthesis or the H2S precursor Lcysteine did not affect the relaxation evoked by ACh or SNP.
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Unlike NO or CO, specific receptors for H2S have not been identified, and
putative molecular targets appear to be both tissue and species dependent
(42). Therefore, other possible mechanisms involved in the smooth muscle
effects of H2S, such as changes in intracellular pH (38), production of reactive
oxygen species (48), downregulation of cAMP (41), activation of adenylate
cyclase (48), inhibition of phosphodiesterase activity (12), activation of
phospholipase A2 (25), activation of myosin light chain phosphatase (23), or
sulfhydration of actin (47) remain to be explored in chicken embryo vessels.
5.4.2 H2S as O2 sensor in the chicken DA
Olson et al. (49) recently proposed that H2S is an O2 sensor in vascular smooth
muscle. This hypothesis is based on their observations that 1) H2S and hypoxia
produce the same mechanical response in vessels from at least one species in
every vertebrate class; 2) the effects of H2S and hypoxia are competitive; and
3) blood vessels enzymatically generate H2S and inhibitors of H2S synthesis
inhibit hypoxic responses, whereas the H2S precursor L-cysteine augments it.
The DA is exquisitely sensitive to O2 (56), but the role of H2S in its O2
responsiveness had not yet been investigated. The present study was
performed in the chicken DA, a vessel that is the result of the fusion of two
vessels with different embryological origin, morphology, and functionality. The
PulmDA consists almost exclusively of neural crest-derived cells, shows the
structure of a muscular artery, and responds to O2 with contraction (and to
hypoxia with relaxation), whereas the AoDA is of mesodermal origin, shows the
morphology of an elastic artery, relaxes in response to normoxia, and contracts
in response to hypoxia (2, 9, 10, 20, 34, 61). Previous studies have shown the
involvement of the mitochondrial electron transport chain as sensor, H2O2 as
mediator, and KV channels and Rho kinase as effectors of O2-induced
contraction in the chicken PulmDA (20, 34). This indicates the presence of a
common mechanism for O 2 sensing/ signaling in mammalian and
nonmammalian DA (56). The O2-induced relaxation of the AoDA, on the
contrary, appears to be dependent on the NO/cGMP pathway mediated by
endothelial cells (34).
In agreement with the results of Olson et al. (49, 52), we observed that H2S and
hypoxia produce the same mechanical response (i.e., relaxation) in the
PulmDA. However, the response to H2S and hypoxia was not competitive
because PulmDA rings, when precontracted with KCl or phenylephrine under
hypoxic conditions, still show Na2S-evoked relaxation. Moreover, Na2S was
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also a relaxing agent in the immature 15-day PulmDA, which is not sensitive to
the effects of normoxia/hypoxia (2, 20, 33). In addition, neither hypoxic
relaxation nor normoxic contraction of the 19-day PulmDA was affected by the
presence of precursors/inhibitors of H2S synthesis. It should be noted that the
enzyme inhibitors used (AOA and PPG) lack specificity and are often poorly
absorbed by intact tissues (57). What is more, to the best of our knowledge,
there are no data available on the inhibitory effects of AOA and PPG in chicken
tissues, and the doses that we used were based on studies in mammalian
tissues. Despite these limitations, the present study suggests that H2S is not
involved in O2 sensing/signal transduction in the PulmDA.
In an effort to clarify the possible role of H2S in O2 sensing in chicken embryo
vasculature, we decided to further investigate the effects of Na2S in two
vessels, the AoDA and the pulmonary artery, which respond to hypoxia with
contraction, and one vessel, the femoral artery, which (when precontracted)
responds to hypoxia with relaxation (2, 20, 53, 72). We observed that in these
vessels, under hypoxic conditions, Na2S evoked a concentration-dependent
relaxation (Fig. 4). Moreover, while hypoxia induced a tonic contraction in
quiescent (nonprecontracted) AoDA and pulmonary artery rings, Na2S did not
elicit significant mechanical effects. Therefore, the ability of exogenous H2S to
mimic hypoxic responses was not found in the chicken embryo vessels that
respond to hypoxia with contraction. The only partial exception to this pattern
was the hypoxia-contracted pulmonary artery, which, although relaxed in
response to low concentrations of Na2S, was contracted by higher (>0.1 mM)
concentrations. This observation is in agreement with that by Olson et al. (52)
who demonstrated that H2S evoked two dose-dependent effects in bovine
pulmonary arteries. In these vessels, H2S produced a dose-dependent relaxation between 10 nM and 10 µM, whereas concentrations > 10 µM produced a
dose-dependent contraction. They hypothesize that much of the H2S produced
by the pulmonary vascular smooth muscle cells during normoxia will be
oxidized and the resultant low H2S concentration dilates the vessels and
reduces vascular resistance. In contrast, during hypoxia, the concentration of
H2S will increase and result in vasoconstriction. However, this leads back to the
question of whether the pulmonary vascular smooth muscle cells are able to
produce the large amount of H2S that may be required to induce
vasoconstriction. Nevertheless, as Olson (51) has recently stressed, to date no
study has identified any stimulus for H2S production in cells in real time and
under physiological conditions, other than showing an inverse relationship
between H2S production and Po2. The demonstration of this relationship in
chicken embryo vessels warrants further investigation.
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L-Cysteine,

the precursor of H2S, evoked a tonic contraction in the 19-day
PulmDA rings. This contraction was endothelium- independent and was
significantly inhibited either by omission of extracellular Ca2+ or by inclusion of
the L-type Ca2+ channel blocker nifedipine. The remaining component of the Lcysteine-induced tonic contraction in the absence of Ca2+ was almost
completely inhibited by pretreatment with thapsigargin, which depletes internal
Ca2+ stores (44). Taken together, these findings suggest that L-cysteine elicits
contraction of PulmDA rings by promoting Ca2+ influx via nifedipine-sensitive
Ca2+ channels and intracellular Ca2+ release from the sarcoendoplasmic
reticulum. Our results are consistent with the data obtained in both smooth and
striated muscle, which indicate that L-cysteine is an important modulator of Ca2+
homeostasis (13, 21, 54). We also observed that neither the CSE inhibitor PPG
nor the CBS inhibitor AOA significantly affected L-cysteine-induced contraction
of PulmDA rings. This, together with the opposite effects of H2S (relaxation) and
L-cysteine (contraction) in this preparation, suggests that the contractile effect of
L-cysteine was not related to H2S production. In contrast to our findings, several
studies in mammalian vessels demonstrated H2S-mediated relaxation to be
elicited by L-cysteine (5, 15).
5.4.3 CO-induced relaxation of chicken DA
The endogenous production of CO occurs through the activity of HOs, enzymes
that catalyze the degradation of heme to CO, iron, and biliverdin. Three
isoforms of HO have been identified: the highly inducible HO-1 and the
constitutively present HO-2 and HO-3 (11). HO-3 is not enzymatically active in
heme degradation, although it may function as a heme-sensing or -binding
protein (11). CO participates in the regulation of vascular tone, smooth muscle
proliferation and platelet aggregation. These effects of CO are mediated via
multiple pathways, including activation of sGC, activation of K+ channels, and
interference with the cytochrome P450 (CYP450)-based mono-oxygenase
reaction, limiting the synthesis of ET-1 (11, 18, 67). CO-induced relaxation has
been described in pulmonary and systemic vessels as well as in the DA from
several mammalian species (1, 7, 16 –19, 32, 62). Dombkowski et al. (30)
demonstrated that the CO-releasing molecule CORM-3 relaxed sea lamprey
and rainbow trout systemic arteries, suggesting that CO vasoactivity has been
well conserved throughout vertebrate evolution. To our knowledge, the effects
of exogenous CO in avian vessels had not been analyzed before. In the
present work we show that the chicken embryo DA and femoral arteries are
relaxed by exogenous CO. The relaxant potency and efficacy of CO in these
chicken vessels were comparable to the ones reported in mammalian vessels
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(1, 62).
The response of the mammalian DA to exogenous CO has been studied in the
guinea pig and in the lamb (16 –19, 32). In 1971, Fay (32) reported CO-induced
relaxation of O2-contracted guinea pig DA rings. This finding was not confirmed
by Coceani et al. (17) but they demonstrated CO-induced relaxation as well as
HO-1 and HO-2 expression in endothelial and smooth muscle cells of the lamb
DA (17, 18). Interestingly, they showed that CO-induced relaxation in the lamb
DA is not mediated through a significant stimulation of sGC but through
inhibition of the functional complex CYP450/ET-1 (18). In contrast, we observed
that in the chicken DA CO-induced relaxation involves sGC and KV channel
stimulation.
The sGC/cGMP system is commonly regarded as main messenger for CO in
smooth muscle cells (16). Accordingly, we observed that CO-induced relaxation
in the chicken DA was markedly impaired in the presence of the sGC inhibitor
ODQ. However, as mentioned above, CO can induce relaxation by acting on
different targets including K+ channels (8, 68). The dependence of CO-induced
relaxation of chicken DA on transmembrane K+ gradient suggests that K+ efflux
through K+ channels is involved in the response. Furthermore, 4-AP, which
blocks KV channels, significantly inhibited CO-induced relaxation. Electrophysiological and pharmacomechanical studies in a variety of mammalian
vascular tissues have pointed to a pivotal role of KV channels in sGC/cGMPmediated relaxation (58, 71). To analyze whether in the chicken DA the
involvement of KV channels was a particularity of CO-induced relaxation, we
tested the effects of the NO donor SNP in the presence of 4-AP. Previously, we
demonstrated that SNP induced a sGC-dependent relaxation of chicken DA (4).
Herein, we observed that 4-AP inhibited the relaxation evoked by SNP. This
suggests that activation of Kv channels occurs downstream from sGC
activation. Therefore, a plausible mechanism for CO-induced relaxation in the
chicken DA would be sGC/cGMP-mediated activation of Kv channels rather
than direct CO-mediated channel regulation.
In the mouse DA, inhibition of HO with ZnPP induces a contraction that is
curtailed in eNOS-deleted fetuses, indicating a crucial role for NO in COmediated ductal tone (7). Moreover, the endothelium-dependent relaxation
evoked by bradykinin in the mouse DA was suppressed by either L-NAME or
ZnPP. This has also been found in the lamb DA (19) and suggests that, in these
vessels, NO and CO act sequentially in mediating bradykinin-induced
relaxation. In the chicken DA, bradykinin is not vasoactive (4) but ACh evokes
an endothelium-dependent relaxation that is partially impaired by L- NAME (4).
We observed that incubation with ZnPP did not induce a significant contraction
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of the chicken DA and did not affect ACh-induced relaxation either in the
absence or presence of L-NAME. Accordingly, we previously demonstrated the
lack of effect of ZnPP in ACh-induced relaxation of chicken embryo pulmonary
arteries, suggesting an absent role for endogenous production of CO in chicken
embryo vessels (63). However, HO is expressed in the chicken (31, 55) and
Leo et al. (40) demonstrated a partial role for endogenous CO in the
endothelium-derived relaxation evoked by ACh in carotid arteries from 6- to 8week-old chicken. This indicates the possibility of developmental and/or tissuespecific differences in the role of CO in the chicken vasculature.
5.4.4 Perspectives and significance
Of the many gases with biological roles, O2 is the most relevant with regard to
the physiological regulation of the DA, but others, such as reactive O2 species,
CO2, NO, and CO are also signaling molecules in this vessel. The present
study shows, for the first time, the vasoactive properties of H2S in the chicken
DA. There are still numerous questions remaining before H2S can be accepted
as a biologically relevant signaling molecule (42, 51) and, therefore, our
findings warrant further confirmation in the DA from other species. Blood
vessels belong to a specialized homeostatic O2-sensing system, which
responds rapidly to moderate changes in O2 tension (49). This has been
extensively studied in mammals where hypoxia contracts pulmonary vessels,
relaxes systemic vessels, and relaxes the DA, whereas normoxia evokes the
opposite effect. The search for an evolutionary-conserved, ubiquitous O2sensing mechanism represents an important and exciting area of research but
the identity of the O2 sensor(s) is still elusive. Hypoxic constriction of pulmonary
(73) and chorioallantoic arteries and the aortic side of the DA (2, 9, 20, 34, 61),
as well as hypoxic relaxation of femoral arteries (53, 72) and the pulmonary
side of the DA (2, 9, 20, 34, 61) are present in the chicken embryo vasculature
that represents an interesting model to challenge the putative ubiquity of such
vascular O2 sensing/signaling mediators like H2S. Finally, as the response to
H2S is strongly tissue- and species-dependent (29); future studies, comparing
vessels from embryonic/fetal and adult animals, will elucidate whether the
response to the gasotransmitter is also age-dependent.
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Chapter 6

Contractile effects of 15-E2t-isoprostane
and 15-F2t-isoprostane on chicken
embryo ductus arteriosus
Saskia van der Sterren, Eduardo Villamor
Comparative Biochemistry and Physiology,
Part A 159 (2011) 436–444

Abstract
Isoprostanes (IsoPs) are prostaglandin (PG)-like compounds produced
nonenzymatically by free radical-catalyzed peroxidation of arachidonate.
Cyclooxygenase-derived PGs play a major role in ductus arteriosus (DA)
homeostasis but the putative role of IsoPs has not been studied so far. We
investigated, using wire myography, the vasoactive effects of 15-E2t-IsoP and
15-F2t-IsoP in the chicken embryo DA, pulmonary artery (PA) and femoral artery
(FA). 15-E2t-IsoP and 15-F2t-IsoP contracted DA, PA, and FA rings in a
concentration-dependent manner. 15-E2t-IsoP was equally efficacious (mean±
SE Emax = 1.25 ± 0.06 mN/mm) as and more potent (−log of molar concentration
producing 50% of Emax = pEC50 = 7.00 ± 0.04) than the thromboxane-prostanoid
(TP) receptor agonist U46619 (Emax = 1.49 ± 0.11 mN/mm; pEC50 = 6.48 ± 0.05)
in contracting chicken DA (pulmonary side). 15-F2t-IsoP was less potent (pEC50
= 5.74 ± 0.11)
and less efficacious (Emax = 0.96 ± 0.11) than U46619.
Concentration-dependent contractions to 15-E2t-IsoP and U46619 in DA rings
were competitively inhibited by the TP receptor antagonist SQ29548 (0.1 μM to
10 μM) with no decrease in the Emax values. SQ29548 also inhibited
concentration-dependent contraction to 15-F2t-IsoP but this inhibition was
associated with a decrease in Emax. Pre-incubation of DA rings with 15-F2t-IsoP
inhibited responses to U46619 and, in vessels contracted with U46619 (1 μM),
15-F2t-IsoP (> 1 μM) evoked a relaxant response. Enzyme immunoassay did not
show a measurable release of 15-F2t-IsoP by DA rings. In conclusion, 15-E2tIsoP is a potent and efficacious constrictor of chicken DA, acting through TP
receptors. In contrast, 15- F2t-IsoP is probably acting as a partial agonist at TP
receptors. We speculate that IsoPs play a role in the control of chicken DA tone
and could participate in its closure.
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6.1 Introduction
Isoprostanes (IsoPs), like their stereoisomers prostaglandins (PGs), are cyclic
metabolites derived in vivo from the oxidation of arachidonate. However,
whereas PG formation is controlled by cyclooxygenase (COX) enzymes, the
production of IsoPs occurs nonenzymatically by free radical-mediated
peroxidation of phospholipid-bound arachidonate [22,31]. Initially, IsoPs were
recognized as valuable markers of oxidative stress and numerous pathological
conditions have been shown to be associated with increases in urinary, plasma,
and tissue levels of IsoPs. Later, it became apparent that IsoPs exhibit
significant bioactivity and could contribute to the functional consequences of
oxidant injury and mediate many of the features of the disease states for which
they are used as indicators [7,23]. The potential (patho)physiological role of
IsoPs might be of particular importance during the fetal and neonatal period,
given that their contents in body fluids during these stages are many-fold higher
than later in life [7,13,18,39].
There is ample evidence that IsoPs exert a wide variety of actions on vascular
smooth muscle and endothelial cells. Many have described contractile
responses to IsoPs in numerous vascular tissues from several mammalian
species, generally via direct or indirect stimulation of thromboxane (TX)prostanoid (TP) receptors [7,19,23,32,36]. In addition, and depending on the
compound and the vascular bed, vasodilatory actions of IsoPs have been
identified [20,24,49,50]. These actions were frequently masked by the
vasoconstrictive effects of IsoPs on TP receptors and were only observed when
these receptors were blocked by antagonists (such as SQ29548 or ICI 192605),
or saturated by an agonist (such as U46619) [6,24,49,50].
The ductus arteriosus (DA) is a large fetal shunt connecting the pulmonary
artery to the aorta, allowing most of the right ventricular output to bypass the
unexpanded lungs [9]. COX- derived prostanoids, and more particularly PGE2,
play a major role in prenatal patency and postnatal closure of the mammalian
DA, namely during fetal life by exerting a potent relaxant effect and after birth by
abruptly withdrawing its action [10,40]. Surprisingly, despite the prominent role
of COX products in DA homeostasis, the possible ductal actions of COXindependent PG isomers (i.e. IsoPs) have not been investigated so far.
In the last years, the chicken embryo has emerged as a suitable model for the
study of DA developmental biology. Our group and another laboratory have
characterized the responsiveness of the chicken DA to several mediators which
participate in the control of ductal tone in mammals, including PGs, O2, nitric
oxide, endothelin-1 and catecholamines [1,2,3,5,12,17,21,45]. In the present
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study, we hypothesized that IsoPs are vasoactive in the (chicken) DA. Using
wire myography, we analyzed the mechanical responses induced by 15-E2t-IsoP
and 15-F2t-IsoP in chicken embryo DA rings. We also evaluated the endogenous
production of IsoPs by the chicken DA and the response of chicken embryo
pulmonary and systemic (femoral) arteries to exogenous IsoPs.

6.2 Methods
6.2.1 Egg incubation and vessel isolation
All experimental procedures were carried out according to the regulations of the
Dutch Law on Animal Experimentation and the European Directive for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (86/609/EU). Fertilized eggs of White Leghorn chickens (Gallus gallus
domesticus) (Het Anker BV, Ochten, The Netherlands) were incubated at a
temperature of 37.8 °C, 45% air humidity and automatically rotated once every
hour over an angle of 90° (incubator model 25HS, Masalles Comercial, Spain).
Embryos incubated for 15 (15-d) and 19 days (19-d) of the 21-d incubation
period were studied. The majority of the experiments were performed in 19-d
(non-internally pipped) embryos, while for the study of developmental changes
the two ages were compared. On the experimental day, the embryos were taken
out, immediately killed by decapitation and a midline laparotomy and sternotomy
were performed. With the aid of a dissecting microscope, the right and the left
DA were carefully dissected free from surrounding tissue, severed distal to the
takeoff of the right or left pulmonary artery and proximal to the insertion into the
aorta, and divided in two segments referred to as pulmonary side and aortic
side (PulmDA and AoDA, respectively). The boundary between pulmonary and
aortic side was determined based on the marked differences in diameter
observed along the chicken DA [1]. In some embryos, rings of the femoral and
the caudomedial intrapulmonary artery were also obtained, as previously
described [46].
6.2.2 Recording of vascular reactivity
Two stainless steel wires (diameter 40 μm) were inserted into the lumen of the
vessels, which were mounted as ring segments between an isometric force
transducer and a displacement device in a myograph (A/S model 610 M; Danish
Myo Technology, Aarhus, Denmark). The myograph organ bath (5-mL vol.) was
filled with Krebs–Ringer bicarbonate (KRB) buffer, maintained at 39 °C. After a
30-min equilibration period, the vessels were distended to a resting tension
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corresponding to a transmural pressure of 10 mmHg (15-d embryos) or 20
mmHg (19-d embryos). These pressures correspond to the mean arterial blood
pressure reported in chicken embryos at the corresponding age (Altimiras and
Crossley, 2000) and elicit the highest contractile response to KCl, as determined
in previous experiments (Moonen et al. 2010, Zoer et al., 2010). The vessels
were allowed a 30 min equilibration period under basal tone, before eliciting a
control contraction by raising the K+ concentration of the buffer to 62.5 mM in
exchange for Na+. During this first phase of mounting and stabilization, rings
were maintained in KRB aerated with 95% N2/5% CO2 (Po2 2.48 ± 0.10 kPa, n =
12, measured with an ABL 510 blood gas analyzer, Radiometer Copenhagen,
Denmark). Afterwards, the gas mixture was switched to 21% O2/74% N2/5%
CO2 (Po2 19.16 ± 0.33 kPa, n = 12) to reproduce post-hatching oxygenation.
Some experiments, however, were performed under 95% N2/5% CO2 (see
results). Cumulative concentration (0.1 nM–10 μM)-response curves were
constructed for 15-E2t-IsoP (also known as 8-iso-PGE2), 15-F2t-IsoP (also
known as 8- iso-PGF2α) and the TP receptor agonist U46619 in quiescent
vessels as well as in vessels contracted with U46619 (1 μM), KCl (62.5 mM) or
norepinephrine (NE, 1 μM). In order to assess the contribution of TP receptors
to IsoP- and U46619-mediated contractions, some experiments were performed
in the presence of the TP receptor antagonist SQ29548 (0.1 μM–10 μM).
6.2.3 Release of IsoPs
In order to measure the possible release of IsoPs, 19-d PulmDA rings were
placed in thermostated mini-chambers containing 0.5 mL of KRB buffer (39 °C)
aerated with 21% O2/74% N2/5% CO2, as previously described (Schuurman and
Villamor, 2010). The rings were allowed to equilibrate for 60 min (in the absence
or presence of 10 μM indomethacin) before exposing them to a single
concentration of acetylcholine (10 μM) or vehicle for 10 min. The rings were
then removed and the mini-chambers were freeze-clamped in liquid nitrogen
and stored at −80 °C for further analysis. The concentration of 15-F2t-IsoP (8iso-PGF2α) was determined in undiluted 50 mL samples with an enzyme
immunoassay kit purchased from Cayman Chemical (Ann Arbor, MI, USA). The
assay was performed according to the manufacturer's instructions.
6.2.4 Drugs and solutions
KRB contained (in mmol L−1): NaCl (118.5), KCl (4.75), MgSO4 (1.2), KH2PO4
(1.2), NaHCO3 (25.0), CaCl2 (2.5), glucose (5.5). Solutions containing different
concentrations of K+ were prepared by replacing NaCl by an equimolar amount
of KCl. 15-E2t-IsoP, 15-F2t- IsoP, U46619 (9,11-dideoxy-11α,9α-epoxymethano-
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PG F2α) and SQ29548 were obtained from Cayman Chemical. All other drugs
were obtained from Sigma-Aldrich Chemical (St. Louis, MO, USA). IsoPs,
U46619 and SQ29548 were initially dissolved in dimethylsulphoxide (DMSO).
Further dilations were made in distilled deionized water. The final concentration
of DMSO in the myograph baths did not exceed 0.1%, which we have found
previously to have little or no effect on mechanical activity [1,45].
6.2.5 Data analysis
Data are presented as the mean ± SE for n embryos. Contraction is expressed
in terms of active wall tension, calculated as the force divided by twice the
length of the arterial segment (mN/mm). In order to compare DA, FA and PA
rings, the contractions depicted in Table 6.1 (fourth column) are also expressed
as percentage of the reference contraction to KCl (62.5 mM), obtained in each
individual ring at the beginning of the experiment. The concentration–response
curves for all agonists were analysed using non-linear regression to provide
estimates of the EC50 (the agonist concentration that produces 50% of the
maximal response). Potency of agonists is expressed as pEC50 (−log EC50) and
efficacy as maximal response (Emax). For the antagonist assays, agonist
concentration–response curves (in the absence and presence of different
concentrations of the antagonist) were fitted to the modified Gaddum/Schild
model. When criteria for competitive antagonism were satisfied, which means
that the antagonist produced a parallel rightward shift of the agonist curve
without attenuation in the Emax, antagonist pA2 value and slope of Schild's
regression were calculated. The pA2 represents the negative logarithm of the
concentration of antagonist that induces a 2-fold shift of the concentration
response curve to the right. Terms and equations are as recommended by the
International Union of Pharmacology (IUPHAR) Committee on Receptor
Nomenclature and Drug Classification (Neubig et al., 2003). Differences
between mean values were assessed by unpaired t-tests or one-way ANOVA,
followed by Bonferroni post hoc test. Differences were considered significant at
P < 0.05. All analyses were performed using a commercially available graph and
statistics package (GraphPad Prism version 5, GraphPad InStat version 3.00;
GraphPad Software Inc, San Diego, CA, USA).
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Table 6.1. Mean± SE efficacy (Emax) and potency (pEC50) of prostanoids in chicken embryo
vessels.

DA: ductus arteriosus; Pulm: pulmonary side; Ao: aortic side; FA: femoral artery; PA: pulmonary
artery. N.c.: not calculated (maximal effect not reached). Experiments were performed at a Po2 of 19
kPa. In order to compare the efficacy of prostanoids among the different vessel types, the
contractions depicted in the fourth column (% KCl) are expressed as percentage of the reference
contraction to KCl (62.5 mM) obtained in each individual ring at the beginning of the experiment.
Values without a common letter (within each vessel) are significantly different (P < 0.05, ANOVA). *P
< 0.05 (ANOVA) vs. same compound in 19-d PulmDA; †P < 0.05 (ANOVA) vs. same compound in
PulmDA 15-d; ¶P < 0.05 (ANOVA) vs. same compound in 19-d FA.

6.3 Results
PulmDA rings (19-d) incubated under hypoxic (Po2 2.5 kPa) or normoxic (Po2 19
kPa) conditions were contracted by 15-E2t-IsoP (Fig. 6.1A and B) and 15-F2tIsoP (Fig. 6.1C and D) in a concentration-dependent manner (Table 6.1).
Normoxic incubation increased the tension of the rings by 0.31 ± 0.03 mN/mm
(n =16) but did not significantly change the contractile efficacy of the IsoPs (Fig.
6.1B and D). In contrast, 15-F2t-IsoP was more potent under hypoxic (pEC50
=6.26 ± 0.09) than under normoxic conditions (pEC50 =5.89 ± 0.07; P < 0.01 vs.
hypoxic, t-test). This effect of O2 tension on the contractile potency was not
observed for 15-E2t-IsoP. Under normoxic conditions, 15-E2t-IsoP was more
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potent than and equally efficacious as the TP receptor agonist U46619 in
contracting 19-d PulmDA (Table 6.1). 15-F2t-IsoP was less potent and less
efficacious than U46619 (Table 6.1).

Fig. 6.1. Contractile effects of isoprostanes in chicken embryo DA (19-d, pulmonary side).
Representative tracings and mean (± SE) data showing the contraction induced by 15-E2t-IsoP (A,
B) and 15-F2t-IsoP (C, D) in DA rings at a Po2 of 2.5 kPa or 19 kPa.

Concentration–response curves to 15-E2t-IsoP (Fig. 6.2A) and U46619 (Fig.
6.2B) in 19-d PulmDA rings were significantly shifted to the right by increasing
concentrations (0.1 μM–10 μM) of SQ29548. The Emax was not significantly
modified even in the presence of the highest concentration (10 μM) of
SQ29548, which is indicative of competitive antagonism. The pA2 values for
SQ29548 against 15-E2t- IsoP and U46619 were 7.29 ± 0.13 and 7.13 ± 0.21,
respectively. The responses to 15-F2t-IsoP in 19-d PulmDA rings were also
inhibited, in a concentration-dependent manner, by SQ29548. However, as can
be seen in Fig. 6.2C, the effect of SQ29548 was associated with a decrease in
Emax values, suggesting partial agonism of 15-F2t-IsoP at TP receptors. In order
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0.5 mN/

to investigate this, we performed concentration–response curves to U46619 in
the absence or presence of 15-F2t-IsoP (10 μM) and we observed that 15-F2tIsoP caused a rightward shift of the U46619 response curve (pEC50 = 6.44 ±
0.15 vs. 5.33 ± 0.13, P < 0.01, t-test, Fig. 6.2D).

Fig. 6.2. A–C: Mean (± SE) concentration–response curves to 15-E2t-IsoP (A), U46619 (B), and 15F2t-IsoP (C) in 19-d chicken embryo ductus arteriosus (DA, pulmonary side, Po2 19 kPa) in the
absence or the presence of different concentrations of the TP receptor antagonist SQ29548. The
right panels in A and B show the Schild plot for SQ29548 vs. 15-E2t-IsoP and U46619. Schild plot
was constructed with concentration-ratios from individual experiments. Due to the high cost of
prostanoids, one further concentration was tested only in the 1 μM and 10 μM SQ29548 groups. E:
Mean (± SE) concentration–response curves to show the antagonist effect of 15-F2t-IsoP on
U46619-induced contraction in 19-d chicken embryo DA (pulmonary side, Po2 19 kPa). *P < 0.05
(ANOVA or t-test) for difference in pEC50 vs. control. †P < 0.05 (t-test) for difference in Emax vs.
control.
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Fig. 6.3. Effects of occupation of TP receptors by the antagonist SQ29548 (10 μM) or the agonist
U46619 (1 μM) on 15-F2t-IsoP-mediated contraction of 19-d chicken embryo DA (pulmonary side,
Po2 19 kPa). Representative tracings and mean (± SE) data showing the response to 15-F2t-IsoP of
DA rings contracted with U46619, norepinephrine (NE, in the absence or presence of SQ29548) or
KCl (in the absence or presence of SQ29548). Observe that in the U46619-contracted rings 15-F2tIsoP induced a relaxant response.
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In order to investigate the possible relaxant effects of 15-E2t-IsoP and 15-F2tIsoP, PulmDA rings (19-d) were pre-contracted with U46619 (1 μM), KCl (62.5
mM, in the absence or presence of 1 μM SQ29548) or NE (1 μM, in the
absence or presence of 1 μM SQ29548). As shown in Fig. 6.3A and D, when
DA rings were contracted with U46619, 15-F2t-IsoP (at concentrations > 1 μM)
induced a relaxation. Also 15-E2t-IsoP (at concentrations > 3 μM) evoked a
minimal relaxation (Fig. 6.4A and C). The relaxant effect of IsoPs was not
observed when the vessels were contracted (in the absence or presence of
SQ29548) with NE (Fig. 3B and D) or KCl (Fig. 6.3C and D, 6.4B and C).

Fig. 6.4. Effects of occupation of TP receptors by the antagonist SQ29548 (10 μM) or the agonist
U46619 (1 μM) on 15-E2t-IsoP-mediated contraction of 19-d chicken embryo DA (pulmonary side,
Po2 19 kPa). Representative tracings and mean (± SE) data showing the response to 15-E2t-IsoP of
DA rings contracted with U46619 or KCl (in the absence or presence of SQ29548).
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Normoxia-incubated 15-d PulmDA rings also showed a concentrationdependent contraction to 15-E2t-IsoP, 15-F2t-IsoP and U46619 (Fig. 6.5A–C).
These contractions were markedly impaired by the presence of SQ29548 (not
shown). 15-E2t-IsoP and 15-F2t-IsoP were significantly less efficacious than
U46619 in contracting 15-d PulmDA rings, but 15-E2t-IsoP was more potent than
U46619 (Table 6.1). As shown in Fig. 6.5D and 6.7E, when 15 d PulmDA rings
were contracted with U46619, concentrations > 1 μM of either 15-E2t-IsoP or 15F2t- IsoP induced a relaxation. The relaxation induced by 15-E2t-IsoP was
greater than that induced by 15-F2t-IsoP (Fig. 6.7E).

Fig. 6.5. Effects of 15-E2t-IsoP, 15-F2t-IsoP and U46619 in 15-d chicken embryo ductus arteriosus
(DA, pulmonary side; Po2 19 kPa). Representative tracings and mean (± SE) data showing the
contraction induced by 15-E2t-IsoP (A, C), 15-F2t-IsoP (B, C) and U46619 (C) in quiescent DA rings
as well as the relaxation induced by 15-E2t-IsoP (D) in rings contracted with U46619 (1 μM). *P <
0.05 (ANOVA) vs. U46619.

Normoxia-incubated AoDA rings (19-d) were contracted by 15-E2t- IsoP, 15-F2tIsoP, and U46619 (Fig. 6.6) but the three prostanoids showed lower efficacies
compared to the ones observed in 19-d PulmDA rings (Table 6.1). 15-E2t-IsoP
and 15-F2t-IsoP were significantly less efficacious than U46619 in contracting
19-d AoDA rings (Table 6.1). The efficacy of IsoPs to contract AoDA rings was
significantly greater when the vessels were incubated under hypoxic conditions
(Fig. 6.6C and D). However, it should be taken into account that normoxic
incubation decreased the resting tension of the AoDA rings by 0.28 ± 0.08 mN/
mm. When the AoDA rings were contracted with U46619 (1 μM), high
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concentrations (10 μM) of 15-E2t-IsoP and 15-F2t-IsoP evoked a relaxation (Fig.
6.7E). This relaxation was not observed when the AoDA rings were contracted
with 62.5 mM KCl (in the absence or presence of SQ29548. Data not shown).
Normoxia-incubated 19-d FA (Fig. 6.7A–D and Table 6.1) and PA rings (Table
6.1) showed 15-E2t-IsoP-, 15-F2t-IsoP- and U46619-induced contractions which
were significantly impaired by the presence of SQ29548 (Fig. 6.7C and D. Data
not shown for the PA). In the FA and the PA, 15-F2t-IsoP and U46619 were more
efficacious than 15-E2t-IsoP (Table 6.1). However, 15-E2t-IsoP was more potent
than 15-F2t-IsoP and U46619 in the FA and more potent than 15-F2t-IsoP in the
PA (Table 6.1). As shown in Fig. 6.7A and C, high concentrations (≥ 3 μM) of 15E2t-IsoP relaxed the tone evoked in the FA rings by 1 μM 15-E2t- IsoP. This
relaxant effect of 15-E2t-IsoP was also observed (Fig. 6.7E) when the FA rings
were contracted with U46619 (1 μM) but not when the vessels were contracted
with KCl (62.5 mM in the absence or presence of SQ29548. Data not shown).
15-F2t-IsoP did not relax FA rings in any of the experimental conditions (Fig.
6.7E). High concentrations (10 μM) of 15-E2t-IsoP and 15-F2t-IsoP relaxed
U46619-contracted PA rings (Fig. 6.7E).
The enzyme immunoassay (limit of detection: 2.7 pg/mL) did not show a
measurable release of 15-F2t-IsoP (8-iso-PGF2α) by 19-d PulmDA rings in any of
the above described experimental conditions (see paragraph 6.2 Materials and
methods).

Fig. 6.6. Effects of 15-E2t-IsoP, 15-F2t-IsoP and U46619 in 19-d chicken embryo ductus arteriosus
(DA, aortic side). Representative tracings and mean (± SE) data showing the contraction induced
by 15-E2t-IsoP (A, C), 15-F2t-IsoP (B, D) and U46619 (C) in quiescent DA rings at a Po2 of 2.5 kPa
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or 19 kPa. *P b 0.05 (t-test) vs. 2.5 kPa.
Fig. 6.7. A–D: Effects of 15-E2t-IsoP and 15-F2t-IsoP in 19-d chicken embryo femoral arteries (FA).
Representative tracings and mean (± SE) data showing the response to 15-E2t-IsoP (A, C) and 15F2t-IsoP (B, D) in quiescent FA rings (Po2 19 kPa). The effects of the TP receptor antagonist
SQ29548 (10 μM) are also shown. *P < 0.05 (t-test) vs. control. E: Mean (± SE) relaxation evoked
by 15-E2t-IsoP or 15-F2t-IsoP (10 μM both) in PulmDA (19-d or 15-d), AoDA, PA, and FA rings
contracted with U46619 (1 μM). Results are expressed as % relaxation of U46619-induced tone and
negative values indicate contraction. Within each group, columns without a common letter are
significantly different (P < 0.05, ANOVA). *P < 0.05 (t-test) 15-E2t-IsoP vs. 15-F2t-IsoP in the same
vessel. Number in parentheses indicates n.
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6.4 Discussion
In this study, we analyzed for the first time the vasoactive properties of IsoPs in
the DA. We observed that 15-E2t-IsoP evoked a potent and efficacious, TP
receptor-mediated, contraction in the chicken DA. On the other hand, 15-F2tIsoP is probably acting as a partial agonist at TP receptors. The contractile
response of the PulmDA to IsoPs increased with development and both 15-E2tIsoP and 15-F2t- IsoP were particularly efficacious in contracting the PulmDA in
comparison with the AoDA and the FA or the PA.
We used the chicken DA as experimental model and therefore its particularities
in prostanoid biology need to be considered. In contrast to the DA of the lamb,
mouse, rat, rabbit, or pig [40], the chicken DA did not contract in response to
COX inhibitors, suggesting that locally derived prostanoids do not exert a tonic
vascular effect [1]. However, in a previous study we demonstrated a COXmediated basal production of PGE2, PGF2α and TXA2 by the chicken DA, which
indicates that COX is effectively active in this vessel [38]. The prostanoid
receptor gene family lacks a chicken ortholog for the human TP receptor, the Eprostanoid subtype 1 (EP1) receptor, the I-prostanoid (IP) receptor, and the Dprostanoid (DP) receptor [25]. However, PGE2, the main vasodilator of
mammalian DA, elicited in the chicken DA an EP receptor-mediated weak
relaxation which was partially or wholly masked by a simultaneous TP receptormediated contraction [3]. Other PGs, such as PGE1, PGF2α, and PGD2, also
elicited contraction in the chicken DA [3,21]. In addition, high concentrations of
the muscarinic agonist acetylcholine induced in the chicken DA an endotheliumdependent contraction, which involved COX-1 activation and TP receptor
stimulation. The TP receptor agonist released by acetylcholine was not PGE2,
PGF2α, or TXA2 [38]. Finally, our present data do not suggest basal or
stimulated release of IsoPs by the chicken DA.
Despite the above mentioned lack of avian ortholog of human TP receptor gene,
chicken and emu DA as well as chicken embryo pulmonary and systemic
arteries are responsive to the TP receptor agonist U46619 [1,16,26,38,46].
However, chicken vessels generally show a lower sensitivity to U46619 than
mammalian vessels [11,19,40,42,]. On the other hand, the efficacy and the
potency of U46619 to contract mammalian vessels are generally much higher
than the efficacy and potency of IsoPs [19,24,44]. Interestingly, this was not the
case in chicken embryo vessels and, more particularly, in 19-d PulmDA rings.
We observed that 15-E2t-IsoP was more potent than and equally efficacious as
U46619 in contracting chicken PulmDA rings. The TP receptor antagonist
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SQ29548 produced a dose-dependent rightward displacement of 15-E2t-IsoP
and U46619 concentration–response curves. This displacement was not
accompanied by a decrease in Emax values, fulfilling the criteria of competitive
antagonism. Moreover, the pA2 value calculated for SQ29548 vs. 15-E2t-IsoP
was very similar to that calculated for SQ SQ29548 vs.U46619. All of these
findings strongly suggest that 15-E2t-IsoP mediates contraction through TP
receptor stimulation in chicken PulmDA.
The efficacy of 15-F2t-IsoP to contract 19-d PulmDA rings was significantly lower
than the one observed for U46619. In addition, 15-F2t-IsoP-induced contraction
was inhibited by SQ29548 but the concentration-dependent inhibition was
associated with a decrease in the Emax values. This suggests the possibility of a
partial agonism of 15-F2t-IsoP at TP receptors. The action of a partial agonist
requires a higher level of receptor occupancy than that of a full agonist [15]. At
high concentrations of SQ29548, the receptor reserve is reduced and 15-F2tIsoP is then unable to occupy a sufficient number of receptors to induce a
maximal contraction. Added to that, a partial agonist will act as a competitive
antagonist of a full agonist acting at the same receptor when present at a
concentration that produces a high level of receptor occupancy [35].
Accordingly, we observed an antagonistic effect of 15-F2t-IsoP (1 μM) on the
contraction induced by U46619 in 19-d PulmDA rings. Moreover, the partial
agonism of 15-F2t-IsoP at the TP receptor may explain the relaxation observed
in response to 15-F2t-IsoP on U46619-contracted PulmDA rings. In this case,
the level of contraction induced by U46619 (1 μM) is close to the maximal
contractile response to 15-F2t-IsoP, leaving no room for an additional contractile
effect and therefore unmasking the relaxant effect of the IsoP [15]. Accordingly,
the relaxation induced by 15-F2t-IsoP was not observed when the DA rings were
pre-contracted with an agent different from U46619 (i.e., KCl or NE) even in the
presence of SQ29548. In contrast to the chicken DA, several mammalian
vessels when pre-contracted with a non-TP receptor agonist relaxed in
response to IsoPs, being generally the E-ring compounds better vasodilators
than the F-ring molecules [7,20,23,24].
Interestingly, the high efficacy of IsoPs to contract 19-d PulmDA rings was not
observed in the 15-d PulmDA rings. In these vessels, 15- E2t-IsoP and 15-F2tIsoP evoked a weak contraction when compared to U46619. Moreover, 15-E2tIsoP relaxed U46619-contracted 15-d PulmDA rings with higher efficacy than
15-F2t-IsoP, suggesting partial TP receptor agonism. 15-E2t-IsoP also induced
an efficacious relaxation in U46619-contracted AoDA rings. On the basis of our
results, we can only speculate on the mechanisms by which 15-E2t-IsoP could
act as a partial TP receptor agonist in the 15-d PulmDA and the 19-d AoDA and
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as a full agonist in the 19-d PulmDA. As reviewed by Nakahata [33], TP receptor
function is regulated by many factors, such as the glycosylation, the
oligomerization, the phosphorylation-dependent desensitization and the
internalization of the receptor, as well as the regulation of intracellular trafficking
by newly found proteins that interact directly with the receptor. All these factors
are susceptible to tissue-dependent and developmental changes.
The chicken DA is the result of the fusion of two vessels with different
embryological origin, morphology and functionality. The pulmonary side consists
almost exclusively of neural crest derived cells, shows the structure of a
muscular artery and responds to O2 with contraction, whereas the aortic part is
of mesodermal origin, shows the morphology of an elastic artery and relaxes in
response to O2 [1,5,8,9,12,14,21,45]. Thus, the PulmDA would be the “real”
sixth aortic arch-derived DA, whereas the AoDA is the result of the incorporation
of dorsal aorta tissue [9]. The two parts of the DA show marked differences in
responsiveness not only to O2 but to several contractile and relaxant agents
[1,2,3,12,30]. Previously, we reported that the TP receptor-mediated contraction
induced by acetylcholine was more marked in the PulmDA [38]. Similarly, IsoPs
and the TP receptor agonist U46619 show low efficacy in contracting the AoDA
when compared to the PulmDA. This reinforces the idea that TP receptor
agonism, either by TXA2 or by IsoPs, might play a key role in chicken DA
closure.
As mentioned elsewhere, the putative role of IsoPs in the mammalian DA has
not been studied and the majority of the investigations on the effects of
prostanoids on DA reactivity focused on the relaxation mediated by COXderived PGs (particularly PGE2) through the activation of EP receptors (Smith,
1998; Wright et al., 2001). Nevertheless, the DA of several mammalian species
is highly responsive to TP receptor agonists [37,40,41,42,43] and might be also
sensitive to IsoPs. Interestingly, Loftin et al. demonstrated that stimulation of TP
receptors, but not of EP, IP, or FP receptors, induced DA closure in COXdeficient mice [28]. The deficiency of both COX-1 and COX-2 in mice results in
neonatal patent DA and provides a model for identifying the role of prostanoids
in ductal closure [27,28]. Loftin et al. speculate that the TP receptor-mediated
DA contraction in COX-deficient mice may be induced by PGH2, the immediate
endoperoxide precursor of PGs and TX [28]. However, IsoPs also appear to be
good candidates for this role.
The sharp postnatal transition from the relatively low oxygen intrauterine
environment to the significantly higher oxygen extrauterine environment
exposes the mammalian newborn to an oxidative challenge. Accordingly,
plasma IsoP levels of human newborns are significantly higher than later in life
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and are inversely related to gestational age [13,18,39]. The developmental
changes observed in the responsiveness to IsoPs in mammalian pulmonary and
systemic vessels [7] suggest that these prostanoids may be involved in the
control of vascular tone during the perinatal period. Although the increase in
arterial oxygenation during avian hatching occurs much slower than during
mammalian birth [5], our present data showing IsoP-induced contraction in the
chicken DA support the idea of a role for these oxidative stress products on the
transitional circulation. However, several questions remain to be elucidated.
Some of these questions are: What is the role of IsoPs in the mammalian DA?
Is the response to oxidative stress, and consequently the production and role of
IsoPs, similar in mammalian and avian species [47]? What is the influence of
pre- and postnatal exposure to COX inhibitors on the production and ductal
activity of IsoPs [29]?
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Effects of sex and estrogen on
chicken ductus arteriosus reactivity
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Abstract
Sex hormones have an important influence on cardiovascular physiology and
pathophysiology and sex differences in vascular reactivity have been widely
demonstrated. In the present study we hypothesized 1) the presence of sexual
dimorphism in chicken ductus arteriosus (DA) responsiveness to contractile and
relaxant stimuli and 2) that estrogens are vasoactive in the chicken DA. In vitro
contractions (assessed with a wire myograph) induced by normoxia, KCl, 4aminopyridine, norepinephrine, phenylephrine, U46619, or endothelin-1, as well
as relaxations induced by ACh, sodium nitroprusside, BAY 41–2272, PGE2,
isoproterenol, forskolin,Y-27632, and hydroxyfasudil were not significantly
different between males and females. The estrogen 17β-estradiol elicited
concentration-dependent relaxation of KCl-, phenylephrine-, and oxygeninduced active tone in male and female chicken DA. The stereoisomer 17αestradiol showed lesser relaxant effects, and the selective estrogen receptor
(ER) agonists 4,4’,4’’-(4-propyl- [1H]pyrazole-1,3,5-triyl)tris-phenol (ERα) and
2,3-bis(4-hydroxy-phenyl)-propionitrile (ERβ) did not show any effect. There
were no sex differences in the responses to estrogen. Endothelium removal or
the presence of the soluble guanylate cyclase inhibitor ODQ, the K+ channel
blockers tetraethylammonium, glibenclamide, and charybdotoxin, or the ER
antagonist fulvestrant did not modify 17β-estradiol-induced relaxation. CaCl2 (30
µM–10 mM) induced concentration-dependent contraction in DA rings
depolarized by 62.5 mM KCl or stimulated with 21% O2 in Ca2+-free medium.
Preincubation with 17β-estradiol or the L-type Ca2+ channel blocker nifedipine
produced an inhibition of CaCl2-induced contractions. In conclusion, there are
no sex-related differences in chicken DA reactivity. The estrogen 17β-estradiol
induces an endothelium-independent relaxation of chicken DA that is not
mediated by ER activation. This relaxant effect is, at least partially, due to
inhibition of Ca2+ entry from extracellular space.
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7.1 Introduction
When compared with females, human males are at higher risk of prematurity, as
well as pulmonary, neurological, gastrointestinal and cardiovascular prematurityrelated conditions, including failure of closure of the ductus arteriosus (DA) [18,
19, 50]. This “male disadvantage” with respect to neonatal morbidity and
mortality has been recognized for more than three decades [8,34], but the
contributing biological mechanisms are poorly understood and likely to be
multifactorial. It has been proposed that the male disadvantage begins in utero,
when gonadal steroid production already differs strongly by sex [19].
Considerable evidence indicates that sex hormones have an important influence
on cardiovascular physiology and pathophysiology, and sex differences in
systemic and pulmonary vascular reactivity and pathology have been widely
demonstrated [17,27,35,38,39,44,57,60]. Estrogen, progesterone, and
testosterone receptors are expressed in endothelial and vascular smooth
muscle cells, and it is now apparent that these hormones participate in the
control of vascular tone [38]. Specifically, free estrogens diffuse through the
plasma membrane and form complexes with cytosolic/nuclear receptors,
resulting in the induction of genomic effects [7]. Estrogens also bind to plasma
membrane receptors in cells and induce rapid nongenomic events [7,26].
Estrogen-induced, endothelium-dependent and -independent relaxation has
been demonstrated in numerous vascular beds from several species (see Ref.
57 for review). However, neither the presence of sex differences in vascular
reactivity nor the vascular effects of sex hormones has been so far investigated
in the DA.
In recent years, the chicken embryo has emerged as a suitable model for the
study of DA vascular biology [1–4,13,14,21,32,53,54]. Genotypic mechanisms
control sex determination in birds like in mammals but, in contrast with
mammals, the avian female is heterogametic (ZW) and the male homogametic
(ZZ) [6, 9, 52]. In addition, sexual differentiation occurs in opposite manners in
birds and mammals. In the latter, the presence of testosterone and other
testicular hormones are a preliminary condition for development of male
characteristics, and in its absence, development takes the feminine course
[6,9,52]. In contrast, birds develop a masculine phenotype in the absence of
estrogens. In the avian female, the W chromosome positively controls early
aromatase synthesis and consequently estrogen production, which is crucial
not only for gonadal sex differentiation but also for subsequent hormonal and
phenotypical sexual differentiation [6,9,52]. In the chicken, plasma levels of
steroids start to differ between males and females as early as 7.5 days of
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incubation [9]. Therefore, estrogen-dependent sexual differentiation makes the
chicken embryo also a suitable organism for testing the potential effects of
gonadal steroids during development. In the present study we hypothesized 1)
the presence of sexual dimorphism in chicken DA responsiveness to
contractile and relaxant stimuli and 2) that estrogens are vasoactive in the
chicken DA. To test these hypotheses, we analyzed, using wire myography, the
reactivity of DA rings from male and female chicken embryos.

7.2 Methods
7.2.1 Egg incubation and vessel isolation
All experimental procedures were carried out according to the regulation of the
Dutch Law on Animal Experimentation and the European Directive for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (86/609/EU), and were approved by the Committee on Animal
Experimentation of the University of Maastricht. Fertilized eggs of White
Leghorn chickens were incubated at 37.8°C, 45% humidity and rotated once
per hour (Incubator model no. 25HS; Masalles Comercial, Barcelona, Spain).
Noninternally pipped embryos incubated for 15, 17, or 19 days of the 21-day
incubation period were studied. The embryos were taken out of the egg and
immediately killed by decapitation; a midline laparotomy and sternotomy were
then performed. The sex of the chicken embryos was determined by the in situ
microscopic examination of the gonads. In female chickens, only the left gonad
develops as an ovary, and on day 15 and onward, the female urogenital
already presents a severe dissymmetry (the left ovary is developed and
functional, whereas the right gonad is clearly atrophic) [6]. In contrast, the male
reproductive tract is a paired system and the two testicles and the two ductus
deferens can be clearly visualized by 15 days and onward in chicken embryos
[6]. After sex was determined, the right and the left DA were carefully dissected
free from surrounding tissue, severed distal to the takeoff of the right or left
pulmonary artery and proximal to the insertion into the aorta, and divided into
two segments referred to as the pulmonary side and aortic side. The boundary
between pulmonary and aortic side was determined on the basis of the marked
differences of diameter ob- served along the chicken DA [1].
7.2.2 Recording of DA reactivity
Two stainless-steel wires (diameter 40 µm) were inserted into the lumen of the
DA, which was mounted as a ring segment between an isometric force
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transducer and a displacement device in a myograph (Danish Myo Technology
A/S model 610M, Aarhus, Denmark). The myograph organ bath (5 ml) was
filled with Krebs-Ringer bicarbonate buffer (KRB) buffer maintained at 39°C
and continuously aerated with 95% N2/5% CO2 (Po2 2.48 kPa, SD 0.34, n =
12, measured with an ABL 510 blood gas analyzer, Radiometer Copenhagen,
Denmark). Each DA was stretched to its individual optimal lumen diameter, i.e.,
the diameter at which it developed the strongest contractile response to 62.5
mM K+, using a diameter-tension protocol as previously described [1,54]. The
response of the DA rings to normoxia was assessed by bubbling the organ
chamber with 21% O2/74% N2/5% CO2 (Po2 19.16 kPa, SD 1.15, n = 12), as
previously described [1]. The other contractile and relaxant agents were
studied under 5% O2/90% N2/5% CO2 (Po2 6.96 kPa, SD 0.52, n = 12). This
level of oxygenation was chosen because it corresponds with the arterial Po2
of 15–19-day chicken embryos (~7 kPa) [51]. Concentration-response curves
to KCl (4.75 mM-125 mM), the voltage-gated K+ channel (KV) inhibitor 4aminopyridine (4-AP, 1 mM–10 mM), the nonselective adrenoceptor agonist
norepinephrine (NE, 10 nM–0.1 mM), the α1-adrenoceptor agonist
phenylephrine (Phe, 10 nM–0.3 mM), the thromboxane A2 mimetic 9,11dideoxy-11α,9α-epoxymethano-PGF 2α (U46619, 10 nM–10 µM), and
endothelin-1 (ET-1, 0.01 nM–0.1 µM), were constructed. The responses to O2,
4-AP, and KCl were also analyzed in DA rings from 15- and 17-day embryos.
The other contractile and relaxant agents were studied only at one age (19
days). Relaxant agonists were evaluated during contraction induced by 62.5
mM K+. Concentration-response curves for ACh (10 nM–30 µM), the nitric
oxide (NO) donor sodium nitroprusside (SNP, 10 nM–0.1 mM), the NOindependent stimulator of soluble guanylate cyclase BAY 41–2272 (10 nM–1
µM), PGE2 (10 nM–10 µM), the β-adrenoceptor agonist isoproterenol (0.1 nM–
3 µM), the adenyl cyclase activator forskolin (10 nM–10 µM), and the Rhokinase inhibitors Y-27632 (1 nM–30 µM) and hydroxyfasudil (1 nM–30 µM)
were constructed. The relaxations to PGE2 were studied in the presence of the
thromboxane/PGH2 (TP) receptor antagonist SQ 29,548 (10 µM), as previously
described [2].
The responses to 17β-estradiol (10 nM–0.1 mM) and its stereo- isomer 17αestradiol (10 nM–0.1 mM) were studied in pulmonary side DA rings
precontracted with 21% O2, 62.5 mM KCl (under 5% O2), or 10 µM
phenylephrine (under 5% O2) and in aortic side DA rings precontracted with
62.5 mM KCl (under 5% O2). To gain insights into the putative mechanisms of
estrogen-induced relaxation, some experiments were performed in
endothelium-denuded vessels (endothelium was removed by gentle rubbing of
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the vessel lumen with a horse tail hair, and its absence verified by the absence
of relaxation to 10 µM ACh) or in the presence of one of the following
pharmacological tools: the soluble guanylate cyclase (sGC) inhibitor 1H[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 10 µM), the nonselective K+
channel inhibitor tetraethylammonium (TEA; 5 mM), the ATP-sensitive K+
channel (KATP) inhibitor glibenclamide (10 µM), the large-conductance Ca2+activated K+ channel (BKCa) inhibitor charybdotoxin (10 µM), and the estrogen
receptor (ER) antagonist fulvestrant (formerly ICI 182,780, 1 µM). To test the
functionality of ERs in our DA preparations, concentration-response curves to
the selective ERα agonist 4,4’,4’’-(4-propyl-[1H]pyrazole-1,3,5-triyl)tris-phenol
(PPT, 0.01–10 µM) and the selective ERβ agonist 2,3-bis(4-hydroxyphenyl)propionitrile (DPN, 0.01–10 µM) were performed. Finally, in another set of
experiments, the ability of 17β-estradiol to modulate Ca2+-entry was assessed
by obtaining concentration-response curves to CaCl2. For this purpose, the DA
rings were washed three times (5-minute interval) with Ca2+-free medium
containing 1 mM EDTA. Then, DA rings were washed twice with Ca2+-free
medium (without EDTA), incubated with vehicle, 17β-estradiol (10 µM), or the
L-type Ca2+ channel (CaL) blocker nifedipine (10 µM) and stimulated with 21%
O2 or KCl (62.5 mM) before adding cumulative concentrations of CaCl2 (10
µM–10 mM).
7.2.3 Drugs and solutions
KRB contained (in mmol/L): 118.5 NaCl, 4.75 KCl, 1.2 MgSO4·7H2O, 1.2
KH2PO4, 25.0 NaHCO3, 2.5 CaCl2, and 5.5 glucose. Solutions containing
different concentrations of K+ were prepared by replacing part of the NaCl by
an equimolar amount of KCl. BAY 41–2272, forskolin, and ET-1 were obtained
from Alexis Biochemicals (Uithoorn, The Netherlands). U46619, PGE2, and SQ
29,548 were obtained from Cayman Chemical (Ann Arbor, MI), and ODQ was
from Tocris (Ballwin, MO). All of the other drugs were obtained from Sigma (St.
Louis, MO). Drugs were initially dissolved in distilled deionized water (except
forskolin and nifedipine, which were dissolved in ethanol, charybdotoxin that
was dissolved in 0.9% NaCl, and BAY 41–2272, SQ 29,548, PGE2, U46619,
estradiol, fulvestrant, PPT, and DPN that were dissolved in DMSO) to prepare
stock solutions, and further dilutions were made in KRB. Total DMSO added to
the organ bath for preincubations or concentration-response curves was, at the
most, 0.34% vol/vol and did not affect arterial tone. Total ethanol was, at the
most, 0.1% vol/vol and produced a slight contraction of the DA, as previously
described [1].
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7.2.4 Data analysis
Results are shown as means (SD) of measurements in n embryos. For clarity,
results are shown in the figures as means ± SE. The contractions generated
upon the addition of agonists are expressed in terms of active wall tension (N/
m), calculated as the force divided by twice the length of the segment, while
the relaxant responses are expressed as the percentage of reduction of the
precontraction. Sensitivity (expressed as pD2 = -log EC50) to agonists was
determined for each artery by fitting individual concentration-response data to
a nonlinear sigmoidal regression curve and interpolating (GraphPad Prism ver.
5.01; GraphPad Software, San Diego, CA). Differences between mean values
were assessed by one-way ANOVA followed by Bonferroni post hoc t-test.
Unpaired t-test was used if only two groups were compared. Differences were
considered significant at a P < 0.05. All analyses were performed using a
commercially available statistics package (GraphPad InStat ver. 3.00).

7.3 Results
7.3.1 Lack of sex-related differences in chicken DA reactivity
The egg mass at day 0 of incubation (male: 63.75 g, SD 4.24, n = 120; female:
62.36 g, SD 3.53, n = 120), and the body mass of the 15-day (male: 13.15 g,
SD 1.48, n = 30; female: 12.96 g, SD 1.43, n = 30), 17-day (male: 19.58 g, SD
1.78, n = 30; female: 19.32 g, SD 1.73, n = 30), and 19-day (male: 29.07 g, SD
2.11, n = 120; female: 28.89 g, SD 2.07, n = 120) chicken embryos did not vary
with sex. The chicken DA (pulmonary side) contractions induced by O2 (Fig.
7.1A), 4-AP (Fig. 7.1B), KCl (Fig. 7.1C), NE, Phe, U46619, and ET-1 (Fig. 7.2,
A and B), and the relaxations (Figs. 7.2, C and D) induced by ACh, SNP, BAY
41–2272, PGE2 (in the presence of SQ 29,548), isoproterenol, forskolin,
Y-27632, and hydroxyfasudil were not significantly different between male and
female 19-day chicken embryos. When the reactivity of the DA from 15- and
17-day embryos was analyzed, we observed a developmental increase in the
contraction induced by O2 (15-day < 17-day < 19-day embryos, Fig. 7.1A), 4AP (15-day = 17-day < 19-day embryos, Fig. 7.1B), and KCl (15-day = 17-day
< 19-day embyros, Fig. 7.1C) but without sex-related differences.
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Fig. 7.1. Contractile effects of O2 (Po2 19 kPa; A), the KV channel inhibitor 4-aminopyridine (4-AP;
B), and KCl (C) in ductus arteriosus (DA) rings (pulmonary side) from male and female 15-, 17-,
and 19-day chicken embryos. The responses to 4-AP and KCl were examined at a Po2 of 7 kPa.
No sex-related differences were found. *P < 0.05 for difference in maximal contraction from 19
days. †P < 0.05 for difference in maximal contraction from 17 days.
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Fig. 7.2. Efficacy (Emax; A and C) and potency (pD2; B and D) of the contractile agonists (A and B)
norepinephrine (NE), phenylephrine (Phe), U46619, and endothelin-1 (ET-1), and the relaxant
agonists (C and D) acetylcholine (ACh), the NO donor sodium nitroprusside (SNP), the NOindependent stimulator of soluble guanylate cyclase BAY 41–2272, PGE2, the β-adrenoceptor
agonist isoproterenol (Iso), the adenylate cyclase activator forskolin (Fors), and the Rho-kinase
inhibitors Y-27632 (Y27) and hydroxyfasudil (Fasu) in DA rings (pulmonary side) from male and
female 19-day chicken embryos. Vessels were precontracted with 62.5 mM KCl. A Po2 of 7 kPa
was maintained during the experiments. The relaxations to PGE2 were studied in the presence of
the thromboxane/PGH2 (TP) receptor antagonist SQ 29,548. No sex-related differences were
found. The numbers above the bars indicate the number of embryos studied.
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7.3.2 Estrogen-induced relaxation of chicken DA
The estrogen 17β-estradiol fully relaxed the 19-day chicken DA (pulmonary
side) precontracted by 21% O2 (Fig. 7.3, A and B; pD2 male: 4.81, SD 0.07, n =
6; pD2 female: 4.70, SD 0.13, n = 7), 62.5 mM KCl (Fig. 7.3C, pD2 male: 4.67,
SD 0.17, n = 7; pD2 female: 4.74, SD 0.16, n = 8), or 10 µM Phe (Fig. 7.4A; pD2
male: 4.94, SD 0.24, n = 10; pD2 female: 4.98, SD 0.24, n = 8). As shown in Fig.
7.3D, 17β-estradiol also induced a full relaxation of KCl-contracted DA rings
from the aortic side (pD2 male: 4.81, SD 0.21, n = 6; pD2 female: 4.70, SD
0.19, n = 6). The stereoisomer 17α-estradiol also relaxed chicken DA rings
(pulmonary and aortic sides) with similar potency as 17β-estradiol but with a
lower efficacy (Figs. 7.3 and 7.4). No sex-related differences in estrogeninduced relaxation were observed (Figs. 7.3 and 7.4).

Fig. 7.3. Relaxant effects of 17β-estradiol and 17α-estradiol in O2- and KCl- contracted DA rings
from male and female 19-day chicken embryos. A: representative tracing of active wall tension vs.
time showing the response of an O2-contracted DA ring to 17β-estradiol. The numbers above the
tracing indicate log [estradiol] (M). B: mean relaxant effects of 17β-estradiol and 17α-estradiol in O2contracted DA rings (pulmonary side, Po2 19 kPa). C: mean relaxant effects of 17β-estradiol and
17α-estradiol in 62.5 mM KCl-contracted DA rings (pulmonary side, Po2 7 kPa). D: mean relaxant
effects of 17β-estradiol and 17α-estradiol in 62.5 mM KCl-contracted DA rings (aortic side, Po2 7
kPa). *P < 0.05 for difference in maximal relaxation from 17β-estradiol.
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Fig. 7.4. A: Relaxant effects of 17β-estradiol and 17α-estradiol in 10 µM phenylephrine-contracted
DA rings (pulmonary side, Po2 7 kPa) from male and female 19-day chicken embryos. *P < 0.05 for
difference in maximal relaxation from 17β-estradiol. B: lack of effect of endothelium removal (E-) or
preincubation with the soluble guanylate cyclase ODQ on the relaxation induced by 17β-estradiol in
chicken DA rings (pulmonary side). C: lack of effect of the KCa channel blocker charybdotoxin, the
KATP channel blocker glibenclamide, and the estrogen receptor antagonist fulvestrant on the
relaxation induced by 17β-estradiol in chicken DA rings (pulmonary side).
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Fig. 7.5. Effects of 17β-estradiol (10 µM) and the L-type Ca2+ channel blocker nifedipine (10 µM)
on the contraction induced by CaCl2 in 19-day chicken DA (pulmonary side) previously incubated
in a Ca2+-free medium. A: representative tracing of active wall tension vs. time showing the
response of an O2-stimulated DA ring (pulmonary side) to CaCl2. The numbers above the tracing
indicate log [CaCl2] (M). B and C: mean effects of CaCl2 in DA rings stimulated with 21% O2 (Po2
19 kPa, B) or 62.5 mM KCl (at a Po2 of 7 kPa, C). *P < 0.05 for difference from conRelaxation to
17β-estradiol was not significantly modified by mechanical rubbing of the endothelium (Fig. 7.4B)
or by incubation of DA rings with the sGC inhibitor ODQ (Fig. 4B), the nonselective K+ channel
blocker TEA (not shown), the selective KCa channel blocker charybdotoxin (Fig. 7.4C), the
selective KATP channel blocker glibenclamide (Fig. 7.4C), or the ER antagonist fulvestrant (Fig.
7.4C). The selective ERα agonist PPT and the selective ERβ agonist DPN did not induce
relaxation of phenylephrine-contracted DA rings (not shown).
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Cumulative concentrations of CaCl2 (10 µM–10 mM) induced concentrationdependent contraction in DA rings (pulmonary side) stimulated with 21% O2 or
depolarized by 62.5 mM KCl (under 5% O2) in Ca2+-free medium (Fig. 7.5). As
shown in Fig. 7.5A and previously described (13), O2 induced a slight
contraction (0.025 N/m, SD 0.002, n = 10) in the absence of extracellular Ca2+.
Preincubation with 17β-estradiol (10 µM) or the L-type Ca2+ channel blocker
nifedipine (10 µM) produced a partial inhibition of CaCl2-induced contraction
(Fig. 7.5, B and C).

7.4 Discussion
The participation of different sex hormones on vascular tone regulation has
been widely described [38]. To our knowledge, however, the present study is
the first attempt to evaluate sex-related differences in DA reactivity and DA
responsiveness to estrogens in any species. We did not observe significant
sex-related differences in chicken DA response to contractile or relaxant stimuli
but demonstrated that 17β-estradiol elicits an endothelium and estrogen
receptor-independent relaxation that appears to be mediated, at least partially,
by the inhibition of Ca2+ entry from extracellular space.
7.4.1 Absence of sex-related differences in DA reactivity
In the last two years, the vascular biology of the chicken DA has been
characterized by our group and another laboratory. The chicken DA responds
to a wide variety of vasoconstrictors and vasodilators and undergoes, in
general, a developmental increase in its responsiveness to constrictors and a
developmental decrease in its responsiveness to relaxant agonists [1–3].
Similarly to the mammalian DA, closure of the chicken DA occurs in two
stages: an initial occlusion, mediated by constriction of smooth muscle in the
pulmonary side, followed by anatomical vessel remodeling, leading to luminal
obliteration [4]. The timing of the closure of the DA correlates with an increased
contractile response of the vessel to O2, and the mechanisms underlying O2
sensing and signaling appear to be very similar in chickens and mammals
[1,4,13,21]. In contrast, the main vasodilator of the mammalian DA, PGE2, is a
weak relaxant agent of the chicken DA, which even induces contraction
through TP receptor stimulation [2,21].
Herein, we report that there are no sex-related differences in DA reactivity.
However, it should be noted that the majority of our study was performed in 19day chicken embryos. The 19-day chicken embryo is close to initiating the

175

transition to ex ovo life (i.e., internal pipping) and presents, therefore, a
relatively “mature” DA [1–4,13,21]. For that reason, we decided to investigate
whether sex-related differences in DA reactivity were present in DAs from less
mature chicken embryos (i.e., 15- and 17-day embryos). We confirmed that
although the 15-day DA contracts in response to high K+-depolarizing solution
and Kv channel inhibition, it is almost unresponsive to O2 [1,13]. In contrast, O2
elicited a tonic contraction in the 17-day DA that was ~25% of the contraction
observed in the 19-day DA. The reactivity of 15-day and 17-day DAs was similar
between males and females, suggesting that the developmental trajectory of the
DA is not sex specific. Therefore, our first hypothesis, i.e., the presence of
sexual dimorphism in chicken DA reactivity, was not supported by our results. It
could be argued that the chicken is not a good model for studying sex-related
differences in cardiovascular (patho)physiology. The information about sexual
dimorphism in chicken cardiovascular (patho)physiology is scarce when
compared with the data available from mammalian species. However, it has
been demonstrated that male chickens are more prone to show elevation of
blood pressure, neointimal plaque formation in the abdominal aorta, and aorta
hardening than females [35,44]. In addition, male chickens present a higher
incidence of pulmonary hypertension [60] and heart failure [37] than females.
Although these alterations do not take place in early life and a direct role for sex
hormones has not been demonstrated, the above data suggest that the
chicken is a species in which sex hormones might influence cardiovascular
development.
7.4.2 Responsiveness to estrogen of chicken DA
Our second hypothesis, i.e., that estrogens are vasoactive in the chicken DA,
was supported by our results. However, it should be noted that chicken DA
relaxation was induced with concentrations of estrogen far greater than the high
picomolar-nanomolar levels of free hormone found in the plasma of chicken
embryos at this developmental stage [56]. In many mammalian studies,
vascular effects of estrogen in vitro require ~1,000 times higher concentrations
of free hormone than are typically present in circulating plasma [57]. Therefore,
effects of micromolar estrogen in vitro are often considered as mere
pharmacological curiosities rather than potentially relevant responses [57].
Nevertheless, it has been argued that free plasma levels of estrogen may far
underestimate actual effective concentrations in the vicinity and inside target
cells and that estrogen can act in a paracrine or even autocrine manner in
vascular smooth cells [24,57]. Thus, as proposed by White [57], it appears no
longer accurate to assume that only responses to nanomolar concentrations of
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estrogen have physiological relevance.
Numerous studies demonstrated that the response and the specific
mechanisms responsible for the vascular effects of estrogens are species, age,
sex, and vessel dependent [10,11,16,22,23,25,29,33,41–43,45,49,57–59).
Several studies strongly support that estrogen-evoked relaxation is mediated via
endothelium-derived NO, but endothelium-derived prostacyclin has also been
proposed as a mediator [10,16,27,38,41,43,45,48,49,57]. Other authors
demonstrated an endothelium-independent effect of estrogen through activation
of neuronal NOS, or by modulation of Ca2+ and/or K+ channel activity [11,22,23,
29,33,42,43,57–59]. By using pharmacological tools, we evaluated the
participation of some of these mechanisms in the ductal effects of estrogen. We
observed that estrogen-mediated DA relaxation was endothelium independent
and was unaffected by the presence of the sGC inhibitor ODQ, or the K+
channel blockers TEA (nonselective), glibenclamide (KATP selective), or
charybdotoxin (BKCa selective). Therefore, three of the mechanisms most
frequently involved in estrogen-induced relaxation of mammalian vessels (i.e.,
the activation of the NO-sGC-cyclic GMP pathway and the opening of BKCa or
KATP channels) [57–59] appear not to be involved in the chicken DA relaxation.
The majority of data from mammalian studies indicates that estrogen lowers
intracellular Ca2+ concentration in vascular smooth muscle cells [57]. One
study indicated that estrogen may reduce sarcoplasmic reticulum Ca2+ release
[23], but other investigators have found that estrogen-induced vascular
relaxation does not involve significant Ca2+ release from intracellular stores or
changes in Ca2+ sensitivity of the contractile apparatus [15,30,57]. Rather,
estrogen attenuates extracellular Ca2+ influx [15,57] and/or stimulates Ca2+
efflux [40]. The inhibition of extracellular Ca2+ influx by 17β-estradiol is
supported by our results showing inhibition of the contraction elicited by CaCl2
in O2- or KCl-stimulated chicken DA rings. These data raise functional
evidence for the Ca2+ antagonistic effect of 17β-estradiol in chicken DA and
are in line with a similar effect reported in rabbit carotid [46], cerebral [47], and
coronary [28] arteries. In addition, electrophysiological evidence of inhibition of
Ca2+ currents by 17β-estradiol has been reported in several mammalian
vascular smooth muscle cells [36,62]. Interestingly, we observed that when
17β-estradiol was compared with the dihydropyridine nifedipine (a classic CaL
channel blocker), both compounds showed, at high micromolar concentrations,
a similar functional antagonism against CaCl2-induced contraction. In contrast
to our results, dihydropyridines showed a higher Ca2+ antagonistic potency
than 17β-estradiol in mammalian vessels [46,47]. Compared with other
chicken vascular beds (like the pulmonary arteries, authors’ unpublished
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observations), the DA appears to be less sensitive to dihydropyridines as
evidenced by the low potencies of the CaL agonist BAY K8644 to induce
contraction and of nifedipine to relax KCl- or O2-induced contraction [13].
However, it should be noted that, although an important part of the normoxic
DA contraction relies on Ca2+ entry through CaL channels, inhibition of O2induced contraction in human [31] or lamb [12,55] DA also required relatively
high concentrations of nifedipine (10 µM).
7.4.3 Estrogens and the two sides of chicken DA
An extremely interesting feature of the chicken DA is the presence of
morphological and functional heterogeneity along its path between the
pulmonary artery and the aorta. Thus, the pulmonary side shows the structure
of a muscular artery and responds to O2 with contraction, whereas the aortic
part shows the morphology of an elastic artery and relaxes in response to O2
[1,4,14]. In addition, the two parts of the DA show marked differences in their
responsiveness to contractile and relaxant agents [2,3]. Bergwerff et al. [5]
demonstrated that the distal elastic part of the chicken DA is mesodermal in
origin and is the result of the incorporation of dorsal aorta tissue, whereas the
muscular pulmonary side was shown to consist almost exclusively of neural
crest-derived cells. Interestingly, estrogen methylation rate appears to be
different in vascular smooth muscle cells depending on the mesodermal or the
neural crest origin [61]. However, in the present work, we observed that
estrogen-induced relaxation was uniformly present in both segments of the
chicken DA, suggesting a similar sensitivity to estrogen in these two
populations of vascular smooth muscle cells.
7.4.4 Estrogen receptors and estrogen-induced relaxation of chicken DA
Numerous studies demonstrate that mammalian vascular endothelium and
smooth muscle cells express both ERα and ERβ, but this expression seems
heterogeneous with regard to species, vascular bed, and sex [57]. Herein, we
observed that chicken DA relaxation induced by 17β-estradiol was not affected
by the presence of the ER antagonist fulvestrant, and neither the specific ERα
agonist PPT nor the specific ERβ agonist DPN showed any relaxant effect in the
chicken DA. These considerations lead us to postulate that 17β-estradiol
induces endothelium-independent relaxation of chicken DA via a mechanism
that does not require the participation of the classical estrogen receptors.
However, it shows stereospecificity because 17α-estradiol also relaxed the
chicken DA with similar potency but lower efficacy. This stereospecificity may
indicate that a putative, receptive, specific structure is responsible for the
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relaxant effect. It has been suggested that estrogens could act through direct
binding to regulatory subunits in the CaL channel [47]. Alternatively, other
receptors for the nongenomic actions of estrogens, such as seventransmembrane G protein-coupled receptor 30 [48], have been proposed.
7.4.5 Perspectives and significance
The mammalian placenta provides a highly estrogenic environment for both
female and male fetuses. In contrast, in ovo development of the chicken takes
place under a marked sex-related difference in estrogen levels [6,9,20]. Our
present data do not suggest that such a difference influences DA reactivity.
However, the chicken embryo still appears as a suitable natural model to study
the influence of early estrogen exposure in other vascular beds, like the
coronary circulation, particularly susceptible to the hormone. In addition,
manipulation of the sex steroid hormonal environment of the chicken embryo
can be easily performed by injection of estrogens or inhibitors of estrogen
synthesis into the albumen of fertilized eggs [6,9,20]. Thus, a single treatment
with an aromatase inhibitor, which blocks the synthesis of estrogen from
testosterone, at an embryonic stage when gonads are bipotential, causes
genetic females to develop a permanent male phenotype [20]. On the contrary,
the embryos that are exposed to estradiol in ovo hatch as phenotypic females
regardless of their genotypic sex [6,9]. Whether these hormonal manipulations
influence developmental vascular biology warrants further investigation.
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Chapter 8

Summary, general discussion
and future perspectives
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8.1 The chicken as a model for ductus arteriosus developmental biology
According to the American philosopher Marx Wartofsky, “anything can be a
model of anything else! This is to say no more than that between any two things
in the universe there is some property they both share” (1). Therefore, models
do not have to resemble the thing being modeled in every respect. Indeed, in
some cases it is essential for the model to be different from the thing being
modeled (2). Chickens are warm-blooded vertebrates and share most of their
biology with mammals but, being evolutionarily distinct, they often do the same
things in ways that are subtly different. It is these differences that have made
chickens a fruitful source of discovery in a wide range of biological processes
(3). For example, it was in the chicken that B cells and the tumorigenic
properties of viruses were first discovered. During the past decade, various
chick-based experimental systems have continued to lead to discoveries of
profound biological significance (3).
The studies collected in the present thesis, together with other publications of
our (4-8) and Dzialowski’s (9-11) groups, show that the chicken DA is much
more than a biological rarity only interesting to comparative physiologists. The
chicken is an ideal model for the study of new hypotheses on developmental
biology of the DA and other blood vessels (12-21) and, particularly, for the
investigation of vascular oxygen sensing mechanisms. A unique characteristic of
chicken DA is that it is the result of the fusion of two vessels with different
embryological origin, morphology and functionality. The pulmonary side
(PulmDA) consists almost exclusively of neural crest derived cells, shows the
structure of a muscular artery and responds to O2 with contraction, whereas the
aortic part (AoDA) is of mesodermal origin, shows the morphology of an elastic
artery and relaxes in response to O2 (5, 10-12, 22, 23). The two parts of the DA
show marked differences in responsiveness not only to O2 but to other
contractile and relaxant agents (5-8, 24) as well. These differences were
summarized in table 1.1 of chapter 1. The responses of PulmDA and AoDA to
the vasoactive agents that have been studied in the present thesis are
summarized in table 8.1 of the present chapter. Another advantage of the
chicken DA model is that we have an exhaustive developmental calendar. The
developmental changes in PulmDA responsiveness to contractile and relaxant
agents were summarized in table 1.2 of chapter 1. The developmental changes
in the responsiveness to the vasoactive agents that have been studied in the
present thesis are summarized in table 8.2 of the present chapter.
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Table 8.1 Effect of the vasoactive mediators investigated in the present thesis in the pulmonary
(PulmDA) and the aortic (AoDA) side of chicken DA.
Vasoactive
agent

Nature or mechanism
of action

Effect in
PulmDA

Effect in
AoDA

Chapter

15-E2t-IsoP

Isoprostane

Contraction

>

Contraction

6

15-F2t-IsoP

Isoprostane

Contraction

>

Contraction

6

H2O2

Reactive oxygen species

Contraction

≠

Relaxation

4

Hydroxyfasudil

Rho-kinase inhibitor

Relaxation

=

Relaxation

2,3

Y27632

Rho-kinase inhibitor

Relaxation

=

Relaxation

2,3

CO

Gaseous mediator

Relaxation

=

Relaxation

5

H 2S

Gaseous mediator

Relaxation

=

Relaxation

5

17α-estradiol

Estrogen hormone

Relaxation

=

Relaxation

7

17β-estradiol

Estrogen hormone

Relaxation

=

Relaxation

7

Table 8.2 Developmental changes in the response to chicken DA (pulmonary side) to the vasoactive
mediators studied in the present thesis
Vasoactive
agent

Nature or mechanism
of action

15-d DA

19-d DA

Chapter

H2O2

ROS

No response

≠

Contraction

4

BAY K8644

Calcium-channel activator

No response

≠

Contraction

2

Nifedipine

Calcium-channel blocker

Relaxation

<

Relaxation

2

Hydroxyfasudil

Rho-kinase inhibitor

Relaxation

<

Relaxation

2,3

Y27632

Rho-kinase inhibitor

Relaxation

<

Relaxation

2,3

H 2S

Gaseous mediator

Relaxation

=

Relaxation

5

CO

Gaseous mediator

Relaxation

=

Relaxation

5

15-E2t-IsoP

Isoprostane

Contraction

<

Contraction

6

15-F2t-IsoP

Isoprostane

Contraction

<

Contraction

6
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The new vasoactive mediators and pathways that are to be studied in the
chicken DA model should comply with these two premises to be considered
relevant for DA biology: 1) higher response in the PulmDA than in the AoDA and
2) changes with age in the pattern of response.

Fig. 8.1 Vasoactive mediators and pathways studied in the present thesis
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8.2 Oxygen sensing and signaling in the chicken DA
The specialized homeostatic O2-sensing system to which the DA belongs had
already been extensively studied in several mammalian species, including
humans (26-44). The most accepted model of O2-induced DA constriction
involves a rise in O2 modulating the function of the mitochondrial ETC (the
sensor), leading to an increased production of H2O2 (the mediator) that causes
the inhibition of KV channels (the effector) (31, 32), with Rho kinase acting as
another downstream effector of the O2-sensing system in the DA (29, 42, 43). In
the chicken embryo we verified the very same pathway (chapter 3), proving a
conserved mechanism for O2 sensing/signaling in mammalian and nonmammalian DA (Figure 2.5 of chapter 2). Moreover, we demonstrated a
developmentally regulated response to O2, which is restricted to the mature
PulmDA and involves parallel maturation of the three components: sensor,
mediator, and effectors.
A pivotal role for mitochondrial ETC, H2O2, Kv channels and Rho kinase has
been also demonstrated in oxygen signaling in pulmonary and systemic arteries
of the chicken embryo (19, 44). In addition, the chicken embryo chorioallantoic
arteries (14, 21), avian homologue of human fetoplacental arteries, also show
an exquisite sensitivity to changes in O2 tension. The mechanisms behind
hypoxia-induced contraction of chorioallantoic arteries, however, have not yet
been elucidated. Nevertheless, the chicken embryo model represents a unique
setting in which to investigate the development of vascular oxygen sensing and
signaling.

8.3 Effects of hypoxia and hyperoxia on DA reactivity
Mammalian fetuses and avian embryos develop in a relatively hypoxic
environment and it is under these conditions that the specialized O2-sensitive
smooth muscle cells of the DA undergo their specific developmental program in
preparation for postnatal closure. The chicken embryo model is highly suited to
study the modulatory role of altered prenatal oxygen tension on the
developmental trajectory of the DA, as the environmental O2 tension during
incubation can be quite easily manipulated. Establishing a similar experimental
setup in a mammalian model would confine the mother to a hypoxic/hyperoxic
chamber and the fetal organs might also be exposed to maternal-derived
circulating factors, released in response to environmental stress (45).
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Changes in O2 tension have profound effects on endothelial and vascular
smooth muscle cellular physiology, affecting the transcriptionally regulated
expression of vasoactive substances, the modulation of receptor populations,
the density and activities of ion channels and the signal transduction pathways
involved in modulating vascular tone (17, 46-53). Although neither in ovo
hypoxia (chapter 3) nor hyperoxia (chapter 4) caused significant changes in O2
responsiveness or in the state of patency of the chicken DA, both stimuli
induced relevant alterations in the reactivity of the vessel. Specifically, chronic
hypoxia during incubation impaired endothelium-dependent and –independent
relaxation and altered the responsiveness of DA to adrenergic agonists. On the
other hand, hyperoxic incubation impaired the thromboxane prostanoid (TP)
receptor-mediated contraction of the chicken DA. Altogether, our data underlie
the complexity of the relationship between oxygen homeostasis and DA
development.

8.4 Effects of H2S in the chicken DA
Oxygen is not the only gaseous mediator with a relevant role in DA reactivity.
CO2 and non-respiratory gases, such as NO and CO, are also ductal vasoactive
mediators (25, 54-58). In the last years H2S has been identified as an
endogenous gaseous transmitter, playing multiple physiological roles in animal
systems (59-67). Furthermore, H2S has been proposed as vascular O2 sensor
(61). This thesis presents the first study on the vasoactivity of H2S in the DA
(chapter 5) (68). In addition, we also analyzed the effects of CO in the chicken
DA. We observed that either H2S or CO induce relaxation of chicken DA.
However, this relaxation is not vessel-specific since PulmDA, AoDA and chicken
embryo pulmonary and femoral arteries were similarly relaxed by H2S and CO.
Moreover, the presence of precursors/inhibitors of H2S and CO synthesis did not
significantly affect the response of the chicken DA to normoxia/hypoxia and did
not affect endothelium-dependent or -independent relaxation. Therefore, our
results indicate that the gasotransmitters H2S and CO are vasoactive in the
chicken DA but they do not suggest an important role for endogenous H2S or
CO in the control of chicken ductal reactivity.
Soon after the publication of our study, another group examined the putative
role of H2S on the reactivity of mouse DA (69). They found, in this DA,
transcripts for the H2S synthetic enzymes cystathionine-γ-lyase (CSE) and
cystathionine-β-synthase (CBS). The presence of the enzymes was confirmed
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by immunofluorescence microscopy. The isolated mice ductus contracted to
inhibitors of CSE (D,L-propargylglycine, PPG) and CBS (amino-oxyacetic acid,
AOA), suggesting that endogenous H2S is naturally present in the mouse DA
and exerts a tonic relaxant action (69). Accordingly, we observed contraction in
the chicken DA in response to PPG (68). Unfortunately, Baragatti et al. did not
analyze the effect of CSE and CBS inhibition on the response of mouse DA to
oxygen or other vasoactive mediators (69). However, they suggest that H2S
ductal activity may be favored antenatally by the relatively low-oxygen
environment and may abate postnatally with the physiological rise in blood
oxygen tension (69). Nevertheless, we did not observe impaired H2S-mediated
relaxation under postnatal oxygenation conditions (69). Finally, Baragatti et al.
suggest that H2S may be the elusive EDHF, at least in the mouse DA (69)). This
suggestion is based on the fact that that bradykinin-induced relaxation (in the
presence of suppression of NO, CO and prostaglandins) is impaired by the
presence of either PPG or AOA. Whether H2S is an oxygen sensor or EDHF,
elucidating its vasoactive properties in the human DA, is an interesting subject
for future research.

8.5 Response of chicken DA to isoprostanes
Oxygen is essential to aerobic life but, paradoxically, can be toxic even at
atmospheric concentrations. Oxidative stress refers to a relative surplus of
reactive oxygen species (ROS) caused by excessive ROS generation and/ or
impaired ROS degradation (70-72). Newborns and especially the preterm ones,
are more prone to oxidative stress than later in life (73-77)). There are several
reasons for this, as these infants very often: (i) are exposed to high oxygen
concentrations, (ii) have infections or inflammation, (iii) have reduced
antioxidant defense, and (iv) have free iron which is speeding up the Fenton
reaction leading to production of ROS. Oxidative stress has been postulated to
be implicated in several newborn conditions and in 1988 Saugstad coined the
term ‘oxygen radical disease of neonatology’ (78). The idea was that oxidative
stress may affect different organs, often simultaneously, giving rise to different
signs according to the organ most affected. Saugstad included bronchopulmonary dysplasia/chronic lung disease, retinopathy of prematurity and
necrotizing enterocolitis in this entity. Later it became clear that free radicals are
involved in perinatal asphyxia and periventricular leukomalacia as well as in
regulating the systemic and pulmonary circulation and the DA (73). If the
concept of ‘oxygen radical disease in neonatology’ is correct it means that these
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conditions mentioned are not different diseases, but belong to the same entity
giving rise to different symptoms according to which organs are most affected.
However, one important consideration is that ROS are not always associated
with deleterious effects and under physiological conditions they appear to also
have essential functions, for example, within the innate immune response,
cellular signaling, control of cellular proliferation and differentiation, oxygen
sensing, vascular tone, and angiogenesis. Consequently, interfering with ROS
in a too broad and unspecific manner may affect its beneficial roles and can
result in pathologies as well, a phenomenon termed reductive stress (70).
Isoprostanes (IsoPs) are a unique series of prostaglandin-like compounds
formed in vivo from the free radical-catalyzed peroxidation of arachidonic acid
independent of the cyclooxygenase (COX) enzymes. (79-80). Initially, IsoPs
were recognized as valuable markers of oxidative stress and numerous
pathological conditions have been shown to be associated with increases in
urinary, plasma, and tissue levels of IsoPs. Later it became apparent that IsoPs
exhibit significant bioactivity and could contribute to the functional
consequences of oxidative stress and participate in oxygen signaling (81-82)),
particularly during the transition to extra-uterine life (83-86l)). Surprisingly, until
our study (chapter 6) (87)), the possible vascular effects of IsoPs in the DA had
not been investigated. We observed that 15-E2t-IsoP evoked a potent and
efficacious, TP receptor-mediated, contraction in the chicken DA. On the other
hand, 15-F2t-IsoP is probably acting as a partial agonist at TP receptors. The
contractile response of the PulmDA to IsoPs increased with development and
both 15-E2t-IsoP and 15-F2t-IsoP were particularly efficacious in contracting the
PulmDA in comparison with the AoDA and the femoral or the pulmonary
arteries. Altogether, our data suggest that IsoPs, acting through TP receptors,
may play a role in the control of chicken DA tone and could participate in its
closure. In agreement with our results, Chen et al reported that 15-E2t-IsoP and
15-F2t-IsoP contracted the mouse DA through activation of TP receptors (88).
Interestingly, exposure of the preterm DA to 15-E2t-IsoP caused unexpected DA
relaxation that was reversed by EP4 antagonism. Further investigation revealed
the predominance of the TP receptor in the DA of term mice, whereas the EP4
receptor was expressed and functionally active from mid-gestation onward (88).
The majority of the studies analyzing the effect of prostanoids in the DA have
focused on the COX-PGE2–EP receptor signaling pathway. This pathway plays
a critical role in regulation of DA maturation and closure after birth. However,
recent investigations, including our studies, on the vasoactivity of TXA2 and
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IsoPs in the DA have underlined the relevant contribution of TP receptors to
ductal (patho)biology. EP4 and TP are the predominant prostanoid receptors in
the DA of mice, humans, and other species (58, 89, 90). It has been suggested
that with increasing maturity, the balance between EP4 and TP shifted in favor of
the contractile effects of TP stimulation (88). Moreover, Loftin et al. showed that
TP agonists can forcefully close the PDA of COX-deficient mice at term
gestation (91). TP receptor stimulation promotes contraction and neointima
formation in the rat DA (92, 93). However, it should be noted that the PDA
phenotype has not been reported in TP knockout mice (94) and that a TP
antagonist itself does not inhibit rat DA closure after birth ((null) (null)).
Accordingly, we observed that the presence of a TP receptor antagonist did not
affect O2-induced contraction in the chicken DA (unpublished observation).
Therefore, it is unlikely that intrinsic TXA2 -TP signaling plays a pivotal role in
spontaneous DA closure.

8.6 Lack of sexual dimorphism in chicken DA reactivity
The “male disadvantage” is a widespread recognition that, compared to
females, human male neonates are at higher risk for prematurity, as well as
pulmonary, neurological, gastrointestinal and cardiovascular prematurity-related
conditions (95-97). The contributing biological mechanisms remain poorly
understood, but are likely to be multifactorial. It has been proposed that the
male disadvantage begins in utero, when gonadal steroid production already
differs strongly by sex (96). Sex hormones have an important influence on
cardiovascular (patho)physiology (98), yet we were the first to investigate the
presence of sex differences in vascular reactivity and the vascular effects of sex
hormones in the DA (chapter 7). We did not observe significant sex-related
differences in chicken DA response to oxygen and other contractile or relaxant
stimuli, suggesting that at least the chicken DA oxygen sensitivity and
contractile system are equally developed in males and females. In addition, we
demonstrated that the estrogen 17β-estradiol induced endothelium-independent
relaxation of chicken DA. This relaxation is not mediated by estrogen receptor
activation and is, at least partially, due to inhibition of Ca2+ entry from
extracellular space. Nevertheless, 17β-estradiol-induced relaxation was similar
in the two parts of the chicken DA (i.e., PulmDA and AoDA), indicating a lack of
specificity for the DA.
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8.7 Future perspectives
As stated in the introduction, the hope for future targeted therapies and for the
prevention of PDA requires knowledge of the fundamental mechanisms
controlling its development and pathogenesis (57, 58). In line with the present
thesis, an important part of future research lies in testing new hypotheses on DA
(patho)biology, including -but not limited to- the following:

8.7.1. Role of and NADPH-oxidase and ceramide in DA oxygen sensing and
signaling
The DA behaves exactly opposite to the resistance pulmonary arteries (PAs), in
that it contracts during normoxia and relaxes in hypoxia. However, normoxic
contraction of the DA appears to involve the same mechanisms as hypoxic
pulmonary vasoconstriction (HPV) (99). Consequently, an important part of the
hypotheses on the response of the DA to oxygen arise from previous knowledge
on the mechanisms of HPV. NADPH-oxidase and ceramide have emerged as
potential participants in the signaling cascade of HPV (44, 100-102) and,
therefore, the possible role of these mediators in normoxic contraction of the DA
warranted further elucidation:
8.7.1.1 NADPH oxidases are multiprotein complexes. Seven isoforms of
their catalytic subunits exist, annotated as NOX1–5 and DUOX1–2 (recently
also termed as NOX6–7).These NOX catalytic subunits represent the only
known enzyme family with the sole function to produce ROS (103, 104). Multiple
NOX subtypes, simultaneously present in different subcellular compartments,
produce specific amounts of superoxide, some of which is rapidly converted to
hydrogen peroxide. The identity and location of these ROS, and of the enzymes
that degrade them, determine their downstream signaling pathways (105). As
mentioned above, NOX and mitochondria have been proposed to be major
sources of intracellular ROS generation mediating hypoxic responses in PA
smooth muscle cells (99, 105, 106). Thus, recent experimental findings suggest
that NOX4 is the source of H2O2 controlling the HPV response (105, 107, 108).
Hypoxia can also induce an increase in the availability of the NOX substrate
NADPH in PAs potentially through activating glucose-6-phosphate
dehydrogenase (105). In contrast to HPV, the role of NOX in the normoxic
contraction of the DA has been scarcely investigated. Interestingly, incubation
with the NOX inhibitor VAS2870 impaired normoxic contraction of chicken DA as
well as hypoxic contraction of the PA (44). In the near future, we intend to
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investigate the potential role of NOX as oxygen sensor in the DA. In order to
achieve this aim, we would analyze the effects of selective NOX inhibitors (104,
109) in the DA response to normoxia as well as oxygen-induced contraction in
transgenic and knockout mice for the NOX enzymes (110, 111).
8.7.1.2 Ceramide is synthesized from membrane sphingomyelin by
sphingomyelinases (SMase) which are activated by multiple membrane
receptors and non-receptor stimuli (112). Neutral SMase (nSMase)-derived
ceramide acts as a critical mediator in the HPV response in rats by increasing
ROS production via NOX (101, 102). Recently, using the chicken model, we
observed that inhibition of the ceramide-generating enzyme nSMase reduced
the hypoxic vasoconstriction in PA and the normoxic contraction of the DA.
Moreover, ceramide content and H2O2 production were increased by hypoxia in
PAs and by normoxia in the DA (44). Accordingly, ceramide mimicked the
contractile responses of hypoxia in PAs and those of normoxia in the DA. In
addition, ceramide inhibited Kv currents in PA and DA smooth muscle cells.
Finally, the role of nSMase in acute oxygen sensing was confirmed in human PA
and DA (44). However, the mechanisms matching the putative O2 sensor(s) (i.e.,
mitochondria and/or NOX) and ceramide remain unknown. Intriguingly, nSMase
is a redox-sensitive enzyme that can be activated by an increase in ROS (12,
113). Thus, one possibility is that in both situations, hypoxia in PA and normoxia
in DA, nSMase are activated by mitochondria or NOX-derived ROS. It is
conceivable that normoxia increases mitochondrial ROS generation in the DA
by providing more oxygen as substrate. Likewise, hypoxia is able to increase
mitochondrial-derived ROS in PA (and probably in systemic arteries) (114).
Therefore, activation of nSMase, production of ceramide and subsequent NOXderived ROS might represent an amplification pathway downstream the
mitochondrial sensor (100-102, 115) present only in specialized oxygen sensing
cells. This hypothesis is under current scrutiny in our laboratory.
8.7.2 Mitochondrial biogenesis and dynamics during the maturation of the DA
Mitochondrial biogenesis results from the coordinated expression of nuclear and
mitochondrial genomes and involves both proliferation and differentiation
processes, which imply an increase in mitochondrial content and maturation of
the functional capabilities of pre-existing mitochondria (116). Mitochondrial
biogenesis starts the mitochondrial cycle by division of pre-existing organelles,
and mitophagy ends it by degradation of impaired mitochondria. In between,
mitochondria undergo several cycles of fission and fusion that generate multiple
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heterogeneous mitochondria or interconnected mitochondrial networks
depending on the physiological conditions (116).

Mitochondrial biogenesis and dynamics during fetal development has been
studied in several organs such as the brain, lung, liver, kidney or heart
(117-119). However, the basic parameters of bioenergetics and mitochondrial
structure and function in the DA are still largely unexplored. Very recently, Hong
et al., reported that physiological increases in PO2 rapidly induces mitochondrial
fission in DA smooth muscle by stimulating phosphorylation of the GTPase
dynamin-related protein 1 (Drp1). Fission subsequently increases activity of
Complex 1 in the mitochondrial electron transport chain and Drp1 inhibition
selectively blocked oxygen-mediated DA constriction and, if sustained,
prevented DA closure in a tissue culture model (120). This suggests that
structural changes in mitochondria are a key early step in O2 sensing (120).
Therefore, a reduced capacity of the mitochondria to undergo the process of
fission as well as other functional or structural alterations may well be involved
in the immature response of the preterm DA to O2. It would be very interesting to
characterize the developmental changes in mitochondrial number and
ultrastructure in the chicken DA, as well as analyzing developmental changes in
mitochondrial function and expression of genes involved in the organelle
biogenesis and function.
Prenatal glucocorticoids are standard of care for women at high risk of preterm
delivery prior to 34 weeks’ gestation because randomized, controlled trials and
extensive meta-analyses demonstrate decreased mortality and improved
outcomes, primarily related to less respiratory distress syndrome and a
decreased incidence of intraventricular hemorrhages (121). Several reports
suggest that mitochondrial maturation may be controlled by steroid hormones
(117, 119). Therefore, analyzing the effects of prenatal corticosteroids in DA
mitochondrial biogenesis and dynamics, as well as in human umbilical and fetoplacental blood vessels could provide us with interesting new insights into
developmental vascular biology.
8.7.3 Role of platelets in DA closure
Very recently, Echtler et al. proposed a model of closure of mice DA in which the
initial constriction results in changes in the DA wall which adopts a
prothrombotic phenotype with endothelial activation, deposition of von
Willebrand factor and fibrin(ogen), and eventually endothelial cell detachment
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from the internal elastic lamina, leading to collagen exposure (122). This
process triggers the accumulation of platelets circulating in the residual DA
lumen, leading to the formation of a platelet plug that seals the lumen. In
preterm human infants, like in mice, the DA is a much thinner vessel, able to
extract all of the oxygen it needs from blood flow within its lumen. Therefore,
and even when it does constrict, the premature DA frequently fails to develop
profound hypoxia and neointimal expansion is markedly diminished (123). The
underdeveloped neointimal mounds fail to occlude the residual lumen and, as a
result, the DA remains patent. Future research should address the question of
whether platelet aggregation and thrombus formation can substitute for the lack
of neointimal mounds in preterm human infants (123). Echtler et al also
performed a retrospective, multivariate analysis in a cohort of 123 infants born
at 24 to 30 weeks of gestation. They reported that a platelet count between 101
and 140 on the first day of life was an independent predictor of PDA (122).
Since the publication of the above study, several additional cohorts with
discordant results have been reported (124-130). A very recent meta-analysis,
which combines data from 11 study cohorts (3479 preterm infants), shows that a
low platelet count in the first day(s) of life is a modest, but significant, risk factor
for PDA (131). However, the low robustness of the association and the high
degree of statistical heterogeneity among studies suggest that the link between
platelet counts and DA closure might not be clinically relevant (131).
Recently, we approached the question of the relationship between DA closure
and platelets from a clinical and experimental perspective. Thus, we are
analyzing the role of platelet number in association with the genetic variants
linked to platelet hypo- and hyperresponsive phenotypes (132) as PDA risk
factors in a cohort of very pretern infants. Our experimental approach to the role
of platelets in DA closure is based on the hypothesis that platelet-released
vasoactive agonists are substantial contributors to DA closure. Activated
platelets release different substances with vasoactive properties, like serotonin,
thromboxane A2 (TXA2), platelet activating factor (PAF) or thrombin. The three
former agonists are vasoactive in the DA (55). Recently, we started a research
project aimed at determining the possible vasoactive effects of thrombin in the
DA. Cellular effects of thrombin are mediated by protease activated receptors
(PARs), members of the G protein-coupled receptors that carry their own ligand,
which remains cryptic until unmasked by proteolytic cleavage. PAR-1 and
PAR-2 have been shown to be involved in regulating vascular tone (133,134).
Thrombin activates PAR-1, whereas trypsin activates PAR-1 and PAR-2. Our
preliminary results indicate that thrombin, acting through PAR-1, is a selective
vasoconstrictor in the DA of the chicken, providing the first functional evidence
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for a role of PARs in DA biology. Currently, we are analyzing the expression of
PARs in the DA of several species (human. lamb, rat, mouse and chicken). In
addition it would be of great interest to investigate whether PAR-1 knockout
mice (135) present delayed closure of the DA.
8.7.4 Paracetamol for the treatment of PDA
Standard pharmacologic treatment of PDA involves the administration of the PG
synthetase inhibitors indomethacin and/or ibuprofen. Several reports have been
published concerning an association between paracetamol exposure and PDA
closure within the past few years suggesting that this might be an alternative for
PDA treatment (136-139). However, there are limited data regarding the
pharmacokinetics, pharmacodynamics and toxicity of paracetamol in preterm
neonates (140), Several randomized controlled are currently conducted
comparing paracetamol with ibuprofen or indomethacin for the efficacy of
closing a PDA. Very recently, Ohlsson & Shah concluded in a meta-analysis
that, despite the limited number of infants studied, oral paracetamol appears to
be as effective in closing a PDA as oral ibuprofen (141). However, they also
express their concerns about the possible side effects of paracetamol in the
developing brain..(141). Nevertheless, the pharmacological mechanisms behind
the efficacy of paracetamol, when ibuprofen and/or indomethacin have failed,
remain unknown. The enzyme PG synthetase has two two components, a
cyclooxygenase (COX) and a peroxidase that operate at distinct sites and with
different catalytic activities. At the active COX site, arachidonic acid undergoes
oxygenation and forms PGG2, which is then acted on by the peroxidase
component of the enzyme, forming PGH2. Indomethacin and ibuprofen compete
with arachidonic acid for the active COX site (142). Thus, the potency of these
drugs is influenced by endogenous arachidonic acid levels. Paracetamol also
inhibits PG synthetase activity but its precise mechanism of action remains
controversial. Paracetamol seems to act at the peroxidase segment of the
enzyme (142). Peroxidase is activated at 10-fold-lower peroxide concentrations
than is COX. Therefore, paracetamol-mediated PG synthetase inhibition is
facilitated at reduced local peroxide concentrations (e.g., hypoxia). Theoretically,
these differences would permit peroxidase inhibition to be optimally effective
under conditions in which COX inhibition is less active (136). Very recently ElKhuffash et al demonstrated that paracetamol is less potent than indomethacin
for constriction of the mouse DA ex vivo (143). Currently, we are evaluating the
comparative effects of paracetamol, indomethacin and ibuprofen in the DA of
chickens, rats and rabbits under normoxic and hypoxic conditions. The inhibitory
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effects of the drugs on PG synthesis will be also evaluated in human umbilical
vessels.
8.7.5 Effects of commonly used medications on DA closure
New drugs or even those that are commonly used in the neonatal intensive care
unit may have unexpected effects on the ability of the DA to spontaneously
close, resulting in increased risks for PDA (144). Data demonstrating relaxation
of the DA by gentamicin and other aminoglycoside antibiotics, by cimetidine and
other H2 receptor antagonists, and by heparin are provided as examples of
neonatal therapies that may induce DA relaxation (144). The chicken DA is a
feasible model to test the putative ductal effects of drugs or therapeutic
strategies to which the infants are exposed in utero or after birth. In this sense,
we recently analyzed the effects in the DA of hypecarbia (8)) and magnesium
sulfate (MgSO4) (145). Permissive hypercarbia in which higher levels of PaCO2
are tolerated is often used in the ventilatory management of extremely
premature infants and MgSO4 is widely used as tocolytic agent and for the
prophylaxis of seizures in pre-eclampsia. Antenatal exposure to MgSO4 has
been associated with a higher risk of PDA in preterm infants. We observed that
either hypercarbia or MgSO4, at clinically relevant concentrations, evoked
relaxation in the chicken DA. Currently, we are also evaluating the effects of
hypothermia on DA reactivity. Mild systemic hypothermia has been shown to
reduce the combined chance of death or disability in asphyxiated term
newborns and has become the standard of care for neonatal asphyxia (146).
However, hypothermia can be accompanied by increased systemic, as well as
pulmonary vascular resistance, and decreased heart rate resulting in decreased
cardiac output (147, 148) Cerebral perfusion is related directly to cardiac output
in the absence of major shunts across the foramen ovale or DA. Thus, a
delayed closure of the DA during hypothermia may reduce cerebral perfusion.
Other drugs used in the neonate and with possible effects on DA reactivity and
closure are phosphodiesterase (PDE) inhibitors, such as milrinone and
amrinone (PDE3 inhibitors) or sildenafil (PDE5 inhibitor), diuretics, such as
furosemide, and respiratory stimulants, such as caffeine (144).
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Chapter 9

Samenvatting

9.1 Introductie
De ductus arteriosus (DA) is een vat dat tijdens de foetale periode een
verbinding vormt tussen de longslagader en de aorta. De longen van een foetus
zijn nog niet functioneel, gasuitwisseling vindt immers plaats in de placenta. Het
zuurstofrijke bloed dat richting de longen gepompt wordt, wordt grotendeels via
de DA naar de aorta geleid zodat het bloed sneller bij alle kritische organen
komt. De DA is gevoelig voor zuurstof en in de foetus wordt de DA ontspannen
door de relatief zuurstofarme omgeving. Bij de geboorte zorgen gelijktijdige
uitzetting van de longvaten en samentrekken van de DA (als reactie op een
hogere zuurstofconcentratie in het bloed nadat de pasgeborene is beginnen
adem te halen) ervoor dat het bloed vanuit de rechter hartkamer nu wél naar de
longen wordt gevoerd. Falen van het samentrekkingen en sluiten van de DA na
de geboorte is een veel voorkomende complicatie bij te vroeg geboren kinderen
en levert nog steeds uitdagingen wat betreft diagnostiek, evaluatie en
behandelingsopties.
De kip als model voor de ontwikkelingsbiologie van de ductus arteriosus
De Amerikaanse filosoof Marx Wartofsky zei: “alles kan een model zijn voor iets
anders! Oftewel: willekeurig welke twee dingen in het universum je neemt, er is
altijd een eigenschap die ze delen”. Modellen hoeven dan ook niet in alle
eigenschappen overeengekomen met dat waarvan zij een model zijn. Soms is
het zelfs essentieel dat deze verschillen er zijn. Kippen zijn warmbloedige
gewervelde dieren, die biologisch gezien veel overeenkomen met zoogdieren.
De kip is een ideaal model voor het onderzoeken van de eigenschappen van de
DA en andere bloedvaten. Bovendien is het relatief eenvoudig om de
omstandigheden waarin het kippenembryo zich ontwikkelt aan te passen, omdat
deze ontwikkeling plaatsvindt buiten het moederdier. Zo is het bijvoorbeeld
mogelijk om situaties met verminderde aanvoer van zuurstof of voedingsstoffen
na te bootsen, of de invloed van bijvoorbeeld medicatie op de embryogenese te
bestuderen.

9.2 Dit proefschrift
In hoofdstuk 1 word beschreven wat de overeenkomsten en verschillen zijn
tussen de DA in zoogdieren en in kippen. Daarnaast wordt een overzicht
gegeven van wat bekend was over de eigenschappen van de DA. De
belangrijkste overeenkomst en conclusie is, dat de DA in kippen net als in
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zoogdieren samentrekt als reactie op zuurstof en daarmee als model kan
dienen om dit verder te bestuderen.
In hoofdstuk 2 wordt dieper ingegaan op de zuurstof-respons van de DA en
laten we zien dat het mechanisme van zuurstof sensor, mediator en effector,
waarvan in zoogdieren al was aangetoond dat dit leidt tot sluiten van de DA,
ook in ons kippenembryo-model aanwezig is. Dit mechanisme, met de
mitochondria als zuurstofsensor, waterstofperoxide als mediator en kaliumkanalen als effector van de zuurstofrespons, is dus al vroeg in de evolutie
aanwezig geweest en is in de loop van de tijd blijven bestaan.
Ook hebben we gezien dat deze componenten alledrie voldoende uitgerijpt
moeten zijn om te leiden tot voldoende contractie van de DA en dat falen van
sluiten van de ductus dus niet te wijten is aan één van drie.
In hoofdstuk 3 en 4 onderzoeken we wat de invloed van minder of meer
zuurstof (hypoxie of hyperoxie) is op de ontwikkeling van het kippenembryo en
in het bijzonder op de eigenschappen van de DA. Alhoewel er in beide gevallen
wel veranderingen worden gezien, leidt dit uiteindelijk niet tot een verminderd
vermogen tot sluiten van de DA.
In hoofdstuk 5 hebben we de invloed van de gassen waterstofsulfide en
koolstofmonoxide onderzocht. Er zijn verschillende gassen, waarvan al bekend
was dat deze invloed hebben op het samentrekken of ontspannen van de DA.
Voorbeelden hiervan zijn zuurstof, koolstofdioxide en stikstofoxide. Van
waterstofsulfide was al bekend dat het invloed heeft op bloedvaten, maar het
effect ervan op de DA was nog nooit onderzocht. In ons model blijkt dat zowel
waterstofsulfide als koolstofmonoxide de DA doet ontspannen, wat ertoe kan
leiden dat er onvoldoende constrictie ontstaat. Bij beide stoffen kon echter niet
aangetoond worden dat deze in voldoende mate door het vat zelf geproduceerd
worden om sluiten van de DA te voorkomen.
In hoofdstuk 6 worden isoprostanen besproken, stoffen die vrijkomen bij
‘oxidatieve stress’ zoals bijvoorbeeld ook bij geboorte plaats vindt. Deze
isoprostanen werden al gezien als markers van de mate van oxidatieve stress,
maar blijken zelf ook effect te hebben op bloedvaten. Onze resultaten laten zien
dat de DA samentrekt in aanwezigheid van isoprostanen, wat suggereert dat
deze na de geboorte een rol spelen in het sluiten van de DA.
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De invloed van geslacht en geslachtshormonen worden besproken in hoofdstuk
7. Op de couveuse-afdeling wordt gezien dat jongetjes een slechtere prognose
hebben dan meisjes wat betreft het optreden van voorkomende complicaties,
waaronder ook het niet sluiten van de DA. Desondanks zien we in onze studies
geen verschillen in de reactiviteit van de DA tussen de twee geslachten,
alhoewel het toedienen van oestrogeen wel zorg voor ontspanning van de DA.
Bovenstaande bevindingen hebben bijgedragen aan een beter begrip van de
reactiviteit en nodigen uit tot verder onderzoek naar de biologische achtergrond
hiervan en eventuele nieuwe behandelingsmogelijkheden.
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Chapter 10

Valorisation
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9.1 Relevance
Failure of DA closure is a common complication in very preterm infants that can
have significant clinical consequences and still presents challenges in terms of
diagnosis, assessment and treatment options [1]. It is generally assumed that
prolonged patency of the DA (PDA) is associated with several comorbidities,
such as necrotizing enterocolitis, intracranial hemorrhage, pulmonary edema/
hemorrhage, broncho-pulmonary dysplasia and retinopathy, and has a negative
impact on outcome in such infants [1,2]. Nevertheless, there is an ongoing
debate about the thresholds and strategies for PDA treatment. Adverse effects
of pharmacological and surgical therapies must be weighed against conflicting
information on which adverse outcomes can be attributed to PDA and unclear
determinations of whether PDA closure alleviates those outcomes. Yet daily
rounds in the neonatal intensive care unit frequently include bedside
deliberations over management of preterm infants whose PDA is considered
problematic [3]. In summary, PDA in preterm infants has been defined as a
continuing conundrum –i.e., a question or problem having only a conjectural
answer- for the neonatologist [4]. Needless to say, a more profound
understanding of the (patho)biology of the DA, and the mechanisms that
regulate its vascular tone, could have clinical implications and lead to better
management options and better neonatal outcome.
Significant progress in our understanding of the DA physiology and
pathophysiology has been achieved with the use of animal models, including
the sheep, the rabbit, the mouse, the rat, or primates [1,2]. However,
mammalian models are complex because the fetal/placental circulation has to
be exposed to intervention only through complex surgery and experimental
manipulations affect both the mother and the fetus. Therefore, there is a need
for additional models, addressing these limitations [2].The chicken (Gallus
gallus) embryo represents an excellent model for investigating developmental
physiology of the cardiovascular system [5]. Chicken embryos have a
mammalian-like circulation, with an extraembryonic circuit involved in the gas
exchange (the chorioallantois), analogous to the placenta and they maintain
bilaterally developed DA [6]. As the chicken embryo develops outside the
mother, the number of experimental animals is divided by two, and effects of
external stresses on cardiovascular development can be studied without
interferences of maternal hormonal, metabolic, or hemodynamic alterations.
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9.2 Innovation
With the present project, we aimed to implement and extend the utilization of
the chicken embryo as a model for developmental vascular biology. Although
probably more is known about the descriptive embryology, teratology, and
experimental embryology of the chicken embryo than of any other model
organism, developmental changes in the reactivity of the chicken DA had not
been studied until our recent investigation [7]. In fact, the publication of our
findings has already attracted the attention of other investigators in the field of
DA developmental biology (see reference [2]). The numerous groups of
investigators that are currently using expensive, aggressive, and technically
complex mammalian-based experimental models to study developmental
vascular biology would benefit from a model characterized by its tractability for
experimental manipulation, its rich history in developmental biology, and a
relatively short incubation time. If the similarities that we have already observed
between the chicken and the mammalian and human DA are confirmed, then a
new model will be available for translational studies for the human DA and,
moreover, for the biology of vascular O2 sensing in vivo and in vitro. In addition,
investigators interested in the effects of prenatal insults in development or in the
pathophysiology of human diseases would benefit from a model in which insults
(such as hypoxia, malnutrition or exposure to drugs or toxics) are easily
performed and are not interfered by maternal influences.
The use of animal subjects is fundamental to the advancement of biomedical
research and practice, at least until viable replacements are found. Equally
important are the ethical guidelines and welfare protocols that shape the
conduct of such research. Animal welfare guidelines and legislation still
emphasise Russell and Burch's `three Rs': reduction (of the number of animals
used), refinement (of testing procedures to minimise suffering), and replacement
(of animal models with alternatives) [7].
Nevertheless, there are those with the strongly held belief that it is morally
indefensible for mankind to subject animals to experimental procedures that
cause any degree of discomfort, as an animal is unable to provide informed
consent and does not benefit directly or indirectly from the studies. These
guidelines and protocols mark the interface between the experimental needs of
medical and scientific researchers and the socially acceptable degree of
suffering the experimental subjects should endure and/or consent to for
research benefits. However, there is a marked distinction between human
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phase regulations, which focus on issues of patient recruitment and consent,
and the laboratory animal phase that focuses on the `three Rs' of reduction,
refinement, and replacement.
In conclusion, this thesis adds to the body of knowledge about DA
vasoreactivity, furthering our understanding of it’s pathophysiology. This bring us
one step closer to developing better treatment strategies for PDA in a vulnerable
group of patients - the very preterm and/or growth restricted infants at risk for
several associated neonatal comorbidities - and thus contributing towards a
better outcome.
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