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The chicken ductus arteriosi (DA) are two embryonic blood vessels that shunt 

blood away from the non-ventilated lungs and towards the body and chorioallantoic 

membrane. I show that prostaglandins have a diminished role in maintaining chicken DA 

patency and nitric oxide inhibits oxygen induced contraction of the day 19 proximal DA 

in a time dependent manner. The pathways governing oxygen induced contraction in the 

chicken DA are similar to those found in mammals and include contributions from ROS, 

Kv channels, L-type Ca2+ channels, and the Rho kinase pathway.  Longer exposure to 

high oxygen generates increased oxygen induced constriction of the day 19 DA that may 

be mediated through the Rho kinase pathway.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

The Avian Ductus Arteriosi 

In the vertebrate cardiovascular system, the ductus arteriosus (DA), a fetal blood 

vessel, connects the pulmonary artery to the aorta. This allows for a right-to-left shunt of 

the blood before it reaches the fluid filled lungs. In mammals after the beginning of lung 

ventilation, at birth, the ductus closes quickly and the circulation of the newborn becomes 

similar to that of the adult. In the avian system, however, the closure of the ductus occurs 

more slowly. This occurs mainly because lung respiration begins when the pre-pipped 

embryo pips the air cell and begins to breathe hypoxic air from the air cell (internally 

pipped embryo). This is followed by breakage of the eggshell and the beginning of lung 

ventilation on ambient air referred to as the externally pipped embryo and finally 

hatching. Therefore, the transition between chorioallantoic membrane (CAM) respiration 

and lung respiration occurs over a longer period of time in the bird (Rahn et al., 1985) 

creating a longer window to study the role of the compounds that influence the ductus 

arteriosi.  

At some point all air-breathing animals have a ductus arteriosus, yet there are 

differences in the development, function and closure of the vessel depending on the 

species.  The ductus arteriosi originate from the sixth aortic arch, however, differently 

from mammals, birds have a bilaterally developed ductus (Bergwerff et al., 1999). The 

right and left ductus arteriosus emerge from the right and left pulmonary artery 
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respectively and both connect to the descending aorta. Another feature that makes the 

avian ductus different from other species is that the morphology of both vessels is not 

uniform throughout their lengths. Instead both vessels have two distinct sections called 

proximal and distal. The proximal section which is closer to the pulmonary arteries, when 

compared to the distal section contains a well developed smooth muscle layer. The distal 

sections which are closer to the descending aorta contain more elastin and appear thicker 

than the proximal sections (Belanger, 2006). 

 

The Role of Prostaglandins in the Mammalian Ductus Arteriosus 

During embryonic life, mammal’s ductal patency depends on several factors of 

which prostaglandins appear to play an important role (Bouayad et al., 2001; Coceani et 

al., 1978, 1980; Clyman et al., 1978, 1999; Leonhardt et al., 2003; Waleh et al., 2004). 

Prostaglandins are 20 carbon chain fatty acids that include a 5-carbon ring and together 

with thromboxanes they form the prostanoid class (a sub-class of eicosanoids) of fatty 

acid derivates. They are ubiquitous in the body, have a short half-life, and are usually not 

stored in tissues, but synthesized as needed. It has been hypothesized that the action of 

phospholipase C and phospholipase A2 can stimulate the production of arachidonic acid 

which can then go though one of two pathways. The first pathway is the lipooxygenase 

pathway and it converts arachidonic acid into hydroperoxyeicosatetraenoic acid 

(HPETE). Then through enzymatic reactions HPETE is converted into the different 

leukotrienes such as A4, C4, D4, and E4 (Nelson and Cox, 2000). The other pathway is the 

cyclooxygenase pathway and is mediated by the enzyme cyclooxygenase (COX) (Nelson 
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and Cox, 2000). The COX enzyme carries two simultaneous reactions within its two 

active sites. One reaction is the introduction of oxygen into arachidonate to make 

hydroperoxy endoperoxide (PGG2) and the other reaction is the reduction of PGG2 into 

hydroxyl endoperoxide (PGH2) (Rouzer and Marnett, 2005). Once PGH2 is formed 

enzymatic action will convert it into the different prostaglandins such as prostaglandin E2 

(PGE2), D2 (PGD2), F2α (PGF2α), thromboxane (TxA2), and I2 (PGI2) (Rouzer and 

Marnett, 2005). Prostaglandins work mainly through G protein-coupled receptors. Eight 

different types of receptors exist although recently many isoforms have been found. 

These eight receptors are DP, FP, IP, and TP and they are the target for prostaglandin D2, 

F2α, I2 and TxA2 respectively. Prostaglandin E2 works through receptors EP1-4 (Olson, 

2003).  

The cyclooxygenase enzyme (COX) in lambs, pigs, humans, and chickens is 

found as two isoforms, COX-1 and COX-2 (Mathonnet, 2001). According to Rouzer and 

Marnett (2005) the amino acid composition of COX-1 and COX-2 are similar and they 

both catalyze similar reactions. However, COX-1 is found widely throughout the body 

and is constitutively expressed, while COX-2 is only found in a limited number of tissues 

and is an inducible form of the enzyme, responding to inflammatory stimuli (Clyman et 

al., 1999; Takahashi et al., 2000; Rouzer and Marnett, 2005). It was also found that COX-

2 is mainly found in endothelial cells of the fetal lamb ductus arteriosus, while COX-1 is 

expressed in both endothelial and smooth muscle cells (Clyman et al., 1999).   

 Ever since the discovery of the prostaglandin’s effects in the patency of 

mammalian ductus arteriosus many researchers have tried to find prostaglandin derivates 
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capable of closing the ductus while keeping side effects to a minimum to treat conditions 

like patent ductus arteriosus (PDA) and derivates to keep the ductus open in the case of 

certain cyanotic heart defects. However, so far a great number of experiments dealing 

with the role of prostaglandins in the ductus arteriosus use mammals including lambs, 

pigs, and rats as subjects completely ignoring birds that due to their longer transition 

from CAM to lung respiration might provide the knowledge necessary to understand the 

physiology of the ductus. 

 

The Oxygen Induced Contraction of the Ductus Arteriosus 

In the lamb, closure of the DA is initiated by the removal of relaxing factors and 

by increased stimulation from contractile factors (Coceani and Olley, 1988).  It is thought 

that a rise in oxygen blood gas levels during birth is the stimulus for the initial 

contraction of the ductus in the mammal.  As the chicken embryo begins the process of 

hatching, the embryo breaks the internal membranes and it starts ventilating the lungs 

using the air that is present in the egg air cell, this stage is called internal pipping. 

Following this stage is the breakage of the eggshell and the beginning of lung respiration 

using ambient air in a stage called external pipping (Tazawa et al., 1983). As the embryo 

starts ventilating its lungs the DA begin to close. Tazawa et al. (1983) found that the 

concentrations of both arterial and venous Po2 rise during hatching. 

Contraction of the DA due to a rise in the concentration of oxygen is a debatable 

topic in the area of physiology. Several mechanisms appear to be responsible for the 

oxygen induced contraction of the DA. The O2 sensor in the DA smooth muscle cells 
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(DASMC’s) appears to be the mitochondria. Michelakis et al. (2002) found that 

incubation of human DA cells under normoxia alters the mitochondrial membrane 

potential and increases the production of reactive oxygen species (ROS) such as H2O2. 

These reactive oxygen species are generated in response to an increase in O2 by the 

electron transport chain.  It is thought that ROS causes inhibition of Kv channels in the 

membrane of DASMC’s (Archer et al., 2004). Tristani-Firouzi et al. (1996) proposed that 

the inhibition of Kv channels in the DASMC’s membrane produces membrane 

depolarization. This depolarization then leads to an increase of the Ca2+ intracellular 

concentration and DASMC contraction. The Kv channels that were inhibited by ROS 

were specifically the delayed rectifier type; these can be inhibited using 4-aminopyridine 

(Tristani-Firousi et al., 1996).  The extracellular Ca2+ enters into the cell as a result of the 

activation of L-type Ca2+ channels on the DASMC membrane. Nifedipine, an L-type Ca2+ 

channel blocker, produces relaxation of the O2 constricted human DA (Michelakis et al., 

2000). 

 Other evidence supporting the mechanisms for DA O2 induced contraction in 

which the mitochondria act as an O2 sensor and H2O2 as the mediator can be found in 

experiments using the reducing agent dithiothreitol (DTT) and the electron transport 

chain blockers rotenone and antimycin A. Reeve et al. (2001) found that switching from 

hypoxia to normoxia caused an increase in the level of H2O2 inside the SMC; they also 

found that addition of DTT (1 mM) to the O2 constricted rabbit DA causes relaxation. 

Michelakis et al. (2002) found in human DA that the addition of rotenone and antimycin 
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A, blockers of the electron transport chain complex I and III respectively, caused 

relaxation of the O2 constricted DA.  

 Calcium sensitization is another concept involved in the O2 induced contraction of 

the mammalian DA. It refers to the increase of Rho kinase activity due to the rise in ROS 

availability. Smooth muscle contraction occurs after the myosin light chain (MLC) is 

phosphorylated by the myosin light chain kinase (MLCK) in a Ca2+ dependent pathway. 

In turn, myosin light chain phosphatase (MLCP) cleaves the phosphate on the MLC to 

relax the smooth muscle in a Ca2+ independent pathway. Rho kinase inhibits MLCP 

activity allowing a sustained contraction requiring less Ca2+ (Kajimoto et al., 2007; 

Clayman et al., 2007). Hong et al. (2006) found in the rabbit DA that both Y-27632 and 

fasudil, inhibitors of Rho kinase, completely eliminated the O2 induced contraction. 

These compounds are also able to prevent the O2 induced contraction if given before the 

rise in O2.  This suggests that the Rho kinase pathway contributes greatly to the 

maintenance of DA tone.      

 

Summary and General Goals 

A patent DA in humans remains the second most common congenital 

complication of the circulatory system (Trivedi et al., 2006); therefore, it is imperative to 

understand the physiology of this vessel. For the study of the ductus arteriosi, I believe 

that the common chicken (Gallus domestics) make an excellent experimental subject. 

Birds are a perfect choice for these experiments because they develop in a self-contained 

environment (egg) undisturbed by the mother’s circulating prostaglandins and other 
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metabolites. Furthermore, chicken eggs are relatively cheap, easy to get and their stage 

can be determined out by candling. The general goal of the experiments was to determine 

what regulates ductal patency and constriction in the chicken embryo. In the second 

chapter I elucidate the role of prostaglandins in keeping the ductus patent during the 

initial phase of oxygen contraction. I also examine the mechanisms that initiate and 

sustain the initial O2 induced contraction of the chicken DA.  In addition I compare how 

these mechanisms differ from those described in mammals. Finally, I examine the 

important physiological differences between the proximal and distal sections of the 

chicken DA. In the third chapter, I focus on the action of vasodilators and 

vasoconstrictors on the day 19 DA after the vessel has been exposed to 25% O2 for a 3 

hour period. It appears that on day 19, long term exposure of the ductus to O2 sensitizes 

the vessel resulting in increased contraction. 
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CHAPTER 2 

A STUDY OF THE ROLE OF PROSTAGLANDINS AND THE MECHANISMS 

GOVERNING OXYGEN INDUCED CONSTRICTION OF THE HATCHING 

CHICKEN EMBRYO (Gallus domesticus) DUCTUS ARTERIOSUS DURING ACUTE 

INCREASE IN OXYGEN EXPOSURE  

 

Introduction 

The ductus arteriosi (DA) are blood vessels that connect the pulmonary arteries to 

the aorta allowing for a right-to-left shunt of the blood away from the fluid filled lungs. 

The DA of terrestrial vertebrates originates from the sixth aortic arch (Bergwerff et al., 

1999); however, differently from mammals, birds have a bilaterally developed DA which 

originate from the right and left pulmonary artery and connect to the descending aorta. 

The morphology of the right and left DA are not uniform along their length in the bird. 

The DA which are closer to the pulmonary arteries, proximal DA, contain a well-

developed smooth muscle layer. Distal to these portions and connecting with the 

descending aorta, the distal DA contain more elastin, less smooth muscle and are thicker 

than the proximal DA (Belanger, 2006, Bergwerff et al., 1999). I propose that these two 

morphologies have distinct physiological phenotypes.  

Chickens have recently become a good model organism to study the physiology 

of the DA (Ågren et al., 2007) and part of this acknowledgment is because the closure



 9

of the DA in birds occurs more slowly than in mammals. However, very little is known 

about the avian DA. 

If we examine mammals during embryonic life, DA patency and closure depend 

on several factors with prostaglandins (PG’s) and oxygen playing crucial roles (Bouayad 

et al., 2001; Coceani et al., 1978, 1980; Clyman et al., 1978, 1999; Leonhardt et al., 2003; 

Waleh et al., 2004). In mammals, prostaglandin E2 (PGE2) is the major contributor to 

ductal patency prior to birth (Bouayad et al., 2001; Coceani et al., 1978, 1980; Clyman et 

al., 1978, 1999; Leonhardt et al., 2003; Waleh et al., 2004). Prostaglandins are made in 

the cyclooxygenase pathway mediated by the enzyme cyclooxygenase (COX, Nelson and 

Cox, 2000). In the lamb DA, PGE2 added in vitro to pre-contracted rings of the vessel 

acts as a potent vasodilator (Coceani et al., 1978; Clyman et al., 1978). In contrast, 

prostaglandin F2α has little effect or in some cases contracts the pre-contracted DA 

(Coceani et al., 1977; Clyman et al., 1978) and PGD2 produces relaxation in the lamb DA 

(Coceani et al., 1977). The role of PG in maintaining DA patency in the avian DA is 

unknown. However, Ågren et al. (2007) showed that the COX inhibitor indomethacin 

and the COX-1 selective inhibitor, valerylsalicyclic acid (VSA) do not produce any 

response in the chicken DA suggesting a lesser role of the PG’s in the chicken DA than in 

mammals.  

Closure of the chicken DA initiates when the embryo breaks the egg shell and 

begins breathing normoxic air with its lungs (Bergwerff et al., 1999). In mammals it is 

the rise in blood Po2 associated with the initiation of lung ventilation that initiates DA 

closure. The leading mechanism involves the inhibition of voltage-gated or redox 
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sensitive potassium channels in the DA smooth muscle cells leading to membrane 

depolarization (Tristani-Firouzi et al., 1996). This causes voltage-gated L-type Ca2+ 

channels to open and vasoconstriction due to influx of Ca2+. This initial oxygen 

constriction of the DA has been shown to be mediated by a raise in mitochondrial derived 

reactive O2 species (ROS). Changes in the concentration of O2 alter the rate of 

mitochondrion ROS production and consequently change the redox status of the smooth 

muscle cell membrane (Archer et al., 2004). Another event in the smooth muscle cells 

associated with the increase of intracellular Ca2+ is the increase of Rho kinase activity. 

After the myosin light chain (MLC) is phosphorylated by the myosin light chain kinase 

(MLCK) allowing contraction, the myosin light chain phosphatase (MLCP) cleaves the 

phosphate in the MLC to allow relaxation. Rho kinase inhibits MLCP activity allowing a 

sustained contraction requiring less Ca2+ (Kajimoto et al., 2007; Clayman et al., 2007). 

These mechanisms should play a similar role in controlling closure of the chicken DA.   

The goal of this study was to examine the intrinsic regulators of ductal patency 

and closure of the chicken ductus during hatching. I hypothesized that mechanisms 

involved in maintaining ductal patency and later facilitating the closure of the chicken 

ductus would be similar to those found in the mammalian fetus. To examine the role of 

prostaglandins as vasodilators of the DA I exposed in vitro DA rings to increasing 

concentrations of PGE2, PGF2α and PGD2. To test the hypothesis that oxygen contraction 

begins with inhibition of voltage-gated K+ channels, I exposed in vitro DA rings to 4-

aminopyridine (4-AP). To determine the role of redox sensitive K+ channels I exposed 

the vessels to the redox reagent, dithiothreitol (DTT). To test the hypothesis that the 
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oxygen contraction of the DA is due to accumulation of mitochondrial derived reactive 

oxygen species (ROS) I exposed in vitro DA rings to a mitochondria complex I inhibitor, 

rotenone, and an inhibitor of electron transfer at complex III, antimycin A. 

 

Materials and Methods 

Incubation 

Chicken eggs were obtained from the Texas A&M University and incubated at 

37.5 oC with a relative humidity of 70%. Eggs were turned every automatically every 4 

hours. 

  

Vessel Preparation 

The left DA from day 19, internally pipped (IP), and externally pipped (EP) 

chicken embryos was excised and placed in a physiological saline solution (PSS 

composed of 120.5 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.6 mM CaCl2, 1.2 mM 

NaH2PO4, 20.4 mM NaHCO3, and 10 mM glucose) equilibrated with 95% N2 and 5% 

CO2.  The proximal and distal portions of the DA were divided based on visual inspection 

of morphology and vessel diameter.  

 

Isometric Tension in Vitro 

The isometric tension generated by the DA was measured in vitro using a 4 

chamber 610M Danish Myo Technologies myograph. The vessel rings were mounted in 

the organ chamber by threading two 40 µm diameter stainless steel wires through the 
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vessel and then attaching one wire to a force transducer and the other to a 

micromanipulator. The vessels were suspended in PSS and bubbled with a 95% N2, and 

5% CO2 gas mixture resulting in a Po2 of 4 kPa (4% O2) and a Pco2 of 5.3 kPa (5% CO2).  

Bath Po2 and Pco2 were monitored with a Radiometer ABL5 blood gas meter.  Isometric 

force was recorded by chart data acquisition software and a Powerlab 8SP 

(ADInstruments) connected to the 610M DMT myograph.  

The baseline tension was set to the tension that produced the largest contraction in 

response to 120 mM KCl as determined in preliminary experiments and the vessels were 

allowed to equilibrate at 4% O2 for 30 minutes prior to conducting any experiments.  

 

Vasoactivity of Prostaglandins 

Cumulative dose-response curves were constructed for prostaglandin E2 (10-8 to 

10-5 M; PGE2), prostaglandin F2α (10-8 to 10-5 M; PGF2α), and prostaglandin D2 (10-8 to 10-

5 M; PGD2) using proximal and distal DA from day 19 and IP embryos. After the addition 

of each concentration, the vessel was allowed to stabilize before the next concentration 

was added.  The effects of the prostaglandins were tested at both 4% and 25% O2. 

Preliminary experiments showed that the vehicle (ethanol) had no effect on vessel tension 

when used by itself. 

 

Potential Oxygen Mechanisms 

The rings of proximal sections of day 19, IP and EP and the distal section of IP 

animals were exposed to the Kv
 channel blocker, 4-aminopyridine (4-AP), at a 
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concentration of 10 mM. In these experiments, 4-AP was added after the vessels were 

allowed to contract and relax in response to changing the oxygen concentration to 25% 

and back to 4%. Oxygen pre-contracted proximal and distal vessels of EP animals were 

also exposed to the L-type Ca2+ channel blocker nifedipine (10 μM).  

To test for the role of reactive oxygen species in stimulating contraction, the 

proximal and distal vessels of EP animals were exposed to antimycin A (10 μM), an 

inhibitor of electron transfer chain complex III, and rotenone (10 μM), an inhibitor of 

electron transport complex I. The redox sensitivity of the DA was examined in rings of 

proximal sections of day 19, IP and EP and the distal section of IP animals with the 

reducing agent dithiothreitol (3 mM; DTT).  Antimycin A, rotenone, and DTT were 

added to the organ bath following O2 induced contraction of the vessel. I also examined 

the role of calcium sensitization on the chicken DA using proximal vessels from EP 

animals and exposing them to Y-27632 (10-8 to 10-5 M), a selective inhibitor of the Rho-

associated protein kinase p160ROCK, and fasudil (10-8 to 10-4 M), a cyclic nucleotide-

dependent protein kinase inhibitor and Rho-associated kinase inhibitor. 

 

Drugs 

Prostaglandin E2, prostaglandin F2α, and prostaglandin D2 were purchased from 

Cayman Chemical and dissolved in ethanol. Dithiothreitol, antimycin A, rotenone, and 

nifedipine were purchased from Sigma-Aldrich. 4-aminopyridine, Y-27632 and fasudil 

were purchased from Tocris Bioscience. 
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Statistical Analysis 

Significance of the results was tested using ANOVA followed by Tukey’s post 

hoc tests.  All data are presented as mean ± SE.  The level of significance for all tests was 

P < 0.05.   All statistics were carried out with Sigmastat 3.5.     

 

Results 

Vasoactivity of Prostaglandins 

 Prostaglandin E2, F2α, and D2 produced contraction of the oxygen pre-contracted 

chicken DA. Adding PGE2 to the acutely oxygen constricted chicken DA of day 19 and 

IP animals did not cause relaxation. After the acute contractile response of oxygen in the 

more muscular or proximal section of the chicken DA, the addition of exogenous PGE2 

did not alter the DA tone at low concentrations (10-8 – 10-7 M) in day 19 or IP embryos 

(Figure 2.1A-B). At higher concentrations, the proximal section of both day 19 (threshold 

= 10-5 M) and IP (threshold = 10-6 M) embryos contracted significantly in response to 

PGE2. The distal DA of both day 19 and IP animals showed no response to PGE2 (Figure 

2.1A-B). The other prostaglandins tested, PGF2α (Figure 2.1C) and PGD2 (Figure 2.1D), 

produced similar responses as PGE2 with the only difference being with PGD2 both the 

day 19 and IP proximal sections started contracting at a concentration of 10-6 M.  

The addition of the highest concentration (10-5 M) of PGE2 on the proximal 

section of day 19 DA was unaffected by oxygen (Figure 2.2). However, in IP animals, 

adding 10-5 M PGE2 to the oxygen pre-contracted proximal DA produced a contraction 

significantly higher than adding 10-5 M PGE2 to proximal DA suspended in PSS with a 
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5% oxygen concentration. Adding 10-5 M PGF2α to proximal DA of day 19 and IP 

animals produced a contraction which was independent of age and the concentration of 

oxygen in the bath (Figure 2.2). The addition of 10-5 M PGD2 to proximal DA of day 19 

and IP animals produced a contraction that was age dependent only when the 

concentration of oxygen in the bath was 5% (Figure 2.2).     

 

Potential Oxygen Mechanisms 

                Significant contraction was produced by the Kv channel blocker 4-AP in the 

proximal DA of day 19, IP and EP animals and the distal DA of IP animals. In day 19 

embryos, 4-AP (10 mM) produced a significant contraction of the proximal section of the 

DA that was not different from the O2 induced contraction (Figure 2.3). In the proximal 

sections of IP animals, the increase in tension produced by 10 mM 4-AP was 

significantly greater than the O2 induced contraction. By EP, the oxygen induced 

contraction and the 4-AP contraction in the proximal DA were similar.  The distal DA 

from IP animals relaxed when exposed to 25% O2 and contracted in response to 10 mM 

4-AP, this contraction was of similar magnitude to the proximal DA from the same age 

embryo. 

 Blocking of the L-type Ca2+ channels with nifedipine (10 μM) significantly 

reversed the oxygen induced contraction of the proximal DA from EP embryos (Figure 

2.4). The distal portion from EP embryos did not react to 10 μM nifedipine.  

 The acute contractile response to increased O2 is mediated in part by the redox 

status of the DA smooth muscle cells. The reducing agent DTT (3 mM) produced 
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significant relaxation of the 25% O2 constricted day 19, IP and EP proximal sections of 

the chicken DA (Figure 2.5). The distal portion from IP embryos was insensitive to 3 mM 

DTT.  

Rotenone and antimycin A, inhibitors of mitochondrial ROS production, 

produced significant relaxation of the oxygen constricted chicken proximal DA. Blocking 

in vitro production of ROS by inhibiting the complex I and III of the electron transport 

chain with rotenone (10 μM) and antimycin A (10 μM) respectively produced significant 

relaxation of the oxygen constricted chicken proximal DA (P < 0.05, Figure 2.6). 

Rotenone (10 μM) completely abolished the oxygen induced contraction of the proximal 

section from EP embryos. Antimycin A (10 μM) also produced significant relaxation of 

the EP proximal DA; however, the tension did not return to the baseline levels. The distal 

portion from EP embryos was insensitive to both 10 μM rotenone and 10 μM antimycin 

A. 

     Fasudil and Y-27632, inhibitors of Rho kinase, produced significant relaxation 

of the oxygen constricted chicken proximal DA in EP chickens. Blocking in vitro the 

Rho-associated protein kinase with Y-27632 which diminishes myosin light chain 

phosphatase (MLCP) activity produced a significant relaxation of the oxygen induced 

contraction (Figure 2.7A). The oxygen induced contraction in proximal DA from EP 

embryos was completely abolished by Y-27632 with the tension stabilizing below the 

initial steady state. Fasudil, a Rho-associated kinase inhibitor, relaxed the proximal DA 

of EP animals after the 10-6 M concentration was added (Figure 2.7B). As with Y-27632, 

fasudil produced a relaxation that reached a tension below the initial steady state. The 10-
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5 and 10-4 M concentrations of fasudil tested produced a relaxation of 66.2±6.0% and 

80.0±9.5% of the oxygen induced contraction. 

        

Discussion 

 The chicken embryo DA are vessels that allow blood in the pulmonary arteries to 

bypass the non-ventilated lungs. Most studies on the DA have been done in the mammals 

with the DA of birds recently gaining attention (Ågren et al., 2007). However, despite the 

great amount of research done with the mammalian DA there are questions that remain 

unanswered, such as the mechanisms that regulate the oxygen induced contraction of the 

DA. In this study I have shown that the O2 contracted chicken embryo DA does not relax 

when exposed to exogenous prostaglandins E2, the major regulator of patency in the 

mammalian DA (Figure 2.1). Second, I have shown that the mechanisms that regulate 

oxygen contraction previously described in mammals are also present in the chicken 

(Figure 2.3 to 2.7).  

 

Vasoactivity of Prostaglandins 

 The chicken DA do not relax when exposed to PGE2, the major contributor in 

maintaining patency in the mammalian DA. Ågren et al. (2007) found that the chicken 

DA do not respond to the COX inhibitor indomethacin, the COX-1 selective inhibitor, 

valerylsalicyclic acid (VSA) and the COX-2 inhibitor nimesulide, suggesting that the 

chicken DA is not regulated by locally produced prostaglandins. I have also previously 

shown that PGE2 has a diminished role in maintaining patency during the embryonic 
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period in the emu DA (Dzialowski and Greyner, in review). However, the oxygen 

constricted emu DA relaxed when exposed to exogenous PGE2 (10-7 to 10-6 M) which is 

not the case in the chicken embryo. In the lamb DA, PGE2 added in vitro to pre-

contracted rings of the vessel acts as a potent vasodilator (Coceani et al., 1978; Clyman et 

al., 1978). The chicken embryo proximal DA from day 19 (threshold 10-5 M) and IP 

(threshold 10-6 M) animals contract significantly (P < 0.05) when exposed to exogenous 

PGE2 (Figure 2.1A–B). The mechanisms by which the chicken DA is able to produce 

constriction in response to PGE2 remains to be clarified. It is commonly known that the 

effects of PGE2 depend on the tissues and receptor subtypes involved. Jadhav et al. 

(2004) found that activation of EP1 and EP3 receptors by PGE2 causes constriction of the 

adult porcine large cerebral arteries. This study also found that the prostanoid receptors 

EP1 and EP3 which activate the phosphatidyl-inositol pathway are located in the smooth 

muscle layers of the arteries.  

 The other prostaglandins studied, F2α and D2, also caused constriction of the 

oxygen constricted chicken DA (Figure 2.1C–D). PGF2α acts on the FP receptor which 

causes an increase in the availability of intracellular Ca2+ in the smooth muscle cell by 

stimulating phospholipase C; therefore, causing smooth muscle contraction in several 

tissues (lamb and calf DA. Olley and Coceani, 1981). However, in the mammalian DA 

the physiological role of PGF2α in controlling DA tone is considered small since it only 

produces contraction at high doses. In the proximal DA from day 19 (threshold 10-6 M) 

and IP (threshold 10-5 M) chicken embryos PGF2α produces significant contraction 

(Figure 2.1C). PGD2 acts on the DP receptor which causes relaxation in smooth muscle 
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cells (Leonhardt et al., 2003). In the proximal DA from day 19 and IP chicken embryos 

PGD2 produces contraction starting at a concentration of 10-6 M (Figure 2.1D). Kiriyama 

et al. (1997) found that the affinity of PGD2 for the DP and FP receptors in the mouse is 

similar. This finding explains the hypothesis formulated by Coleman et al. (1981) where 

they report that the bronchoconstriction produced by PGD2 in the anesthetized dog is 

mediated by the FP receptor (Narumiya et al., 1999).   

All these finding suggest that prostaglandins have a diminished role in 

maintaining the chicken DA patent. Therefore, other mechanism such as nitric oxide must 

be in place to inhibit the DA from closing early. 

 

Oxygen Mechanisms 

 The mechanisms producing the functional closure of the DA in mammals 

following lung ventilation is generally divided in three stages. First, there is an acute 

response which involves the mitochondria of smooth muscle cells acting as O2 sensors 

and increasing the production of reactive oxygen species (ROS) (Archer et al., 2004). 

This increase in ROS inhibits redox sensitive Kv channels, allowing the opening of L-

type Ca2+ channels.  Once the Ca2+ channels open there is an increase in the intracellular 

concentration of Ca2+ which leads to contraction of the smooth muscle cells (Tristani-

Firouzi et al., 1996). The second stage is a sub acute response which involves the action 

of modulators such as endothelin-1 on the smooth muscle of the DA (Sutendra and 

Michelakis, 2007).  The third stage involves tissue remodeling which leads to anatomical 
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closure of the DA. This study deals with the first stage in oxygen induced contraction of 

the chicken embryo DA. 

 The inhibitor of Kv channels 4-AP produced contraction of both the proximal and 

distal section of day 19, IP and EP DA from chicken embryos. Inhibition of the redox 

sensitive Kv channels with 4-AP (10 mM) produced a contraction in DA from day 19 and 

EP chicken embryos that is similar in magnitude as the oxygen induced contraction seen 

in animals of the same age (Figure 2.3). This data is in agreement with previous 

experiments done in rabbits (Tristani-Firouzi et al., 1996) and emus (Dzialowski and 

Greyner, in review). In the proximal section of the chicken DA from IP animals; 

however, I found that the contraction produced by 10 mM 4-AP is significantly (P < 

0.05) higher than the oxygen induced contraction and I also found that the distal portion 

which normally relaxes in normoxia is capable of contracting in response to 10 mM 4-AP 

with the same magnitude as the proximal section. These findings suggest that there is an 

age maturation of the chicken proximal DA with Kv channels present at IP, but the signal 

produced in response to O2 is not yet upregulated.  Oxygen stimulates other mechanisms 

in the distal section which surpass the inhibition Kv channels and other subsequent 

reactions and cause relaxation instead. During EP the response of the proximal DA to O2 

was once again similar to the response to 10 mM 4-AP; however, at this point both values 

were significantly higher than the tension reached at day 19 (P < 0.05, Figure 2.3).    

 Adding nifedipine (10 μM), an L-type Ca2+ channel blocker, to the O2 contracted 

proximal chicken DA causes significant relaxation (Figure 2.4). This result also support 

the theory in mammals that the increased availability of intracellular Ca2+ in the smooth 
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muscle cells in order to sustain normoxic contraction comes from the extracellular space 

via L-type Ca+2 channels (Tristani-Firouzi et al., 1996; Hong et al., 2006). 

 My results show that the initial O2 induced contractile response of the proximal 

chicken DA is mediated at least in part by the production of mitochondrial ROS. Even 

though the exact mechanisms that allow the mitochondria to function as oxygen sensors 

and allow ROS to alter the redox state of the smooth muscle cell membrane are obscure, 

in these experiments (Figure 2.5 though 2.6) I found evidence that these mechanisms are 

active in the chicken embryo. The reducing agent DTT relaxed the proximal DA from 

day 19, IP and EP embryos (Figure 2.5). These results are in agreement with the results 

found in fetal rabbit pups (Reeve et al., 2001) where DTT relaxed the normoxia 

constricted DA. Rotenone and antimycin A, inhibitors of the electron transport chain 

complex I and III respectively, also relaxed the proximal DA from EP embryos (Figure 

2.6). In the emu, rotenone produced strong relaxation to the O2 constricted DA from day 

48-49 (Total incubation = 50 days) embryos (Dzialowski and Greyner, in review). In 

human DA, rotenone and antimycin A mimicked hypoxia and relaxed the O2 constricted 

DA (Michelakis et al., 2002). 

As with the human and rabbit DA (Hong et al., 2006; Kajimoto et al., 2007) the 

chicken embryo DA relays on calcium sensitization to sustain O2 induced contraction. Y-

27632 (Figure 2.7A) and fasudil (Figure 2.7B), inhibitors of Rho kinase, exerted strong 

relaxation in the O2 contracted DA from externally pipped chicken embryos. Kajimoto et 

al. (2007) reported that calcium sensitization is important because after the initial O2 

induced contraction is initiated, the phosphorylation and subsequent deactivation of 
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myosin phosphatase by Rho kinase maintains smooth muscle contraction even if the 

availability of calcium decreases. 

In conclusion, unlike the role of prostaglandins in the chicken DA the 

mechanisms that govern the O2 initial or acute contraction are similar to those 

mechanisms present in the mammalian DA. However, this is only true for the proximal 

section of the chicken DA, which is the site for functional closure of the DA. Further 

experimentation is needed to grasp a better understanding of what is happening in the 

distal section.  
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Figure 2.1 The proximal section of the chicken DA contracts in response to PGE2, PGF2α, 
and PGD2. (A) Sample recording showing the contractile response to PGE2 in a day 19 
proximal (above) and distal (below) DA. Triangles represent the timing of each PGE2 
dose presented as [log M]. Vessels were pre-contracted in 25% O2 prior to the addition of 
the PG. Response of the DA to stepwise increase in (B) PGE2, (C) PGF2α, and (D) PGD2 
from day 19 proximal (open square), day 19 distal (closed square), IP proximal (open 
circle) and IP distal (closed circle) embryos. n = 6 to 8 vessels. * = different from 10-8 M. 
‡ = different both distal and proximal. + = only IP proximal different from others. 
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Figure 2.2 Maximal contraction of the chicken DA attained with PGE2, PGF2α, and PGD2 
at different concentrations of O2. Bars represent the maximal tension attained from day 
19 chicken proximal vessels and IP proximal vessels after the addition of the 10-5 M 
concentration of PGE2, PGF2α, or PGD2 at both 5% and 25% oxygen environments. * 
indicates significant differences at P < 0.05.  
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Figure 2.3 The Kv channel antagonist 4-AP produced contraction of the chicken DA. 
Contractile response of the chicken DA to an increase in tissue bath O2 from 4% to 25% 
and to the addition of 10 mM 4-AP in day 19 proximal (n = 6), IP proximal (n = 13), IP 
distal (n = 8) and EP proximal (n = 8). Bars with different letters are significantly 
different at P < 0.05. 
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Figure 2.4 Blocking the L-type Ca2+ channels with nifedipine relaxes the proximal 
section of the chicken DA. Relaxing response of the L-type Ca2+ channel blocker, 
nifedipine (10 μM), in oxygen-constricted EP proximal DA (n = 7). The EP distal DA (n 
= 4) did not showed a significant reaction to the addition of nifedipine (10 μM). * 
indicates a significant difference between O2 induced contraction and the response to 
nifedipine at P < 0.05. 
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Figure 2.5 The reducing agent dithiothreitol (DTT; 3 mM) produced a relaxation in the 
proximal section of the O2 contracted chicken DA.  (A) Representative recording of 
proximal DA tone after exposure to 25% O2 followed by the reducing agent DTT (3 
mM). (B) Change in tension in the O2 contracted DA after the addition of DTT (3 mM). 
Day 19 proximal n = 6, IP proximal n = 14, IP distal n = 8 and EP proximal n = 8. * 
indicates a significant difference between the O2 induced contraction and the response to 
DTT at P < 0.05. 
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Figure 2.6 The electron transport chain inhibitors rotenone and antimycin A reversed the 
O2 induced contraction of the EP proximal section of the chicken DA. (A) Representative 
recording of EP proximal DA tone after exposure to 25% O2 and followed by inhibition 
of the mitochondrial electron transport complex I by rotenone (10 μM). (B) Change in 
tension of EP vessels pre-contracted with O2 following administration of rotenone (10 
μM) or antimycin A (10 μM). n = 6 vessels per treatment. * indicates a significant 
difference between the O2 induced contraction and the relaxation produced by the 
inhibition at P < 0.05.  
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Figure 2.7 Inhibitors of Rho kinase, Y-27632 and fasudil, produced significant relaxation 
of the O2 constricted proximal DA from EP embryos. Percent relaxation of the oxygen 
pre-contracted proximal DA from EP animals in response to stepwise dose of the rho 
kinase inhibitors (A) Y-27632 (n = 8) and (B) fasudil (n = 7). * indicates a significant 
difference between the O2 induced contraction and the response produced by the 
inhibition at P < 0.05. 
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CHAPTER 3 

CONTRACTION OF THE PRE-TERM CHICKEN DUCTUS ARTERIOSUS DURING 

LONG TERM EXPOSURE TO INCREASED OXYGEN 

 

Introduction 

 The ductus arteriosi (DA) in the chicken are one of the cardiovascular shunts 

present during the embryonic period. The function of these two vessels is to divert the 

blood from pulmonary arteries into the aorta before it reaches the lungs, which during the 

embryonic period remain fluid filled. In both vessels two sections are distinguishable, the 

sections closer to the pulmonary arteries, proximal DA, are thinner in appearance, and 

contain a well developed smooth muscle layer. The sections closer to the aorta, distal 

DA, contain more elastin and a less developed smooth muscle layer. During the normal 

process of hatching, both the proximal and distal DA contract and later remodel resulting 

in permanent closure of the DA. 

 There is a strong correlation between the initiation of lung ventilation and the 

initiation of DA closure. Tazawa et al. (1983) found that both arterial and venous Po2 rise 

during hatching. Coceani and Olley (1988) discussed that in the lamb, closure of the DA 

is initiated by the removal of relaxing factors and by increased stimulation from 

contractile factors such as the rise in oxygen tension. The O2 induced contraction has 

been described in mammals in three phases. During the initial response of the DA the rise 

in arterial and venous Po2 causes the DA to constrict (Sutendra and Michelakis, 2007). 
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This is called the acute phase and it involves the increased production of oxygen 

reactive species (ROS) by the mitochondrion, the change in the redox status of the 

smooth muscle cell membrane, blockage of redox sensitive K+ channels and opening of 

L-type Ca2+ channels (Sutendra and Michelakis, 2007). Similar to the findings in the 

chicken embryo this contraction occurs rapidly. Following the acute phase, a sub-acute 

phase where modulators such as endothelin interact with the smooth muscle cells to 

sustain and achieve greater contraction. The last phase or chronic phase last for days and 

involves remodeling of the vessel layers that allows for permanent closure and 

obliteration of the DA (Sutendra and Michelakis, 2007).  

In the pre-term day 19 chicken embryo, preliminary experiments revealed that 

when the proximal DA is initially exposed to 25% O2 an initial weak contraction of the 

DA occurs.  This is followed by a steady rise in tension usually beginning after an hour of 

continuous exposure to high O2. This contraction stabilizes after the vessels have been 

exposed to 25% O2 for a total of approximately three hours. I hypothesize that the 

chicken proximal DA during the three hour long exposure 25% O2 is experiencing the 

first two phases of O2 induced contraction described previously in mammals. The goal of 

this study was to examine the role of prostaglandin E2 (PGE2) and nitric oxide in DA 

patency in the chicken embryo during long term exposure of the proximal DA to 25% O2. 

I also investigated the mechanisms involved in the O2 induced contraction after the long 

term exposure to O2. These mechanisms include inhibiting the voltage-gated K+ channels 

with 4-aminopyridine (4-AP), removing of the ROS using the redox reagent dithiothreitol 

(DTT), reducing the production of ROS by inhibiting the mitochondria complex I with 
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rotenone, and finally I investigated the role of Ca2+ sensitization occurring from increased 

Rho kinase activity inside the smooth muscle cells. 

   

Materials and Methods 

Incubation 

Chicken eggs were obtained from the Texas A&M University and incubated at 

37.5 oC with a relative humidity of 70%. Eggs were turned every automatically every 4 

hours.  

 

Vessel Preparation 

The left DA from day 19 chicken embryos was excised and placed in a 

physiological saline solution (PSS composed of 120.5 mM NaCl, 4.8 mM KCl, 1.2 mM 

MgSO4, 1.6 mM CaCl2, 1.2 mM NaH2PO4, 20.4 mM NaHCO3, and 10 mM glucose) 

equilibrated with 95% N2 and 5% CO2.  The proximal and distal portions of the DA were 

divided based on visual inspection of morphology and vessel diameter. 

  

Isometric Tension in Vitro 

The isometric tension generated by the DA was measured in vitro using a 4 

chamber 610M Danish Myo Technologies myograph. Vessel rings from day 19 embryos 

were mounted in the organ chamber by threading two 40 µm diameter stainless steel 

wires through the vessel and then attaching one wire to a force transducer and the other to 

a micromanipulator. The vessels were suspended in PSS and bubbled with a 95% N2, and 
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5% CO2 gas mixture resulting in a Po2 of 4 kPa (4% O2) and a Pco2 of 5.3 kPa (5% CO2).  

Bath Po2 and Pco2 were monitored with a Radiometer ABL5 blood gas meter.  Isometric 

force was recorded by chart data acquisition software and a Powerlab 8SP 

(ADInstruments) connected to the 610M DMT myograph.  

The baseline tension was set to the tension that produces the largest contraction in 

response to 120 mM KCl as determined in preliminary experiments. The vessels were 

allowed to equilibrate at 4% O2 for 30 minutes prior to conducting any experiments. 

Afterwards, vessels were exposed to 25% O2. Each long term (LT) exposure to 25% O2 

lasted for 3 hours, during which the vessels were washed with the PSS every 15 minutes 

during the first hour and every 30 minutes after. In some cases during the LT exposure to 

25% O2 the prostaglandin inhibitor indomethacin 5.6 µM and/or the nitric oxide inhibitor 

L-NAME 0.1 mM were added to the PSS. 

    

Vasoactivity of Prostaglandin E2 

Cumulative dose-response curves were constructed for prostaglandin E2 (10-10 to 

10-5 M; PGE2) using the proximal DA from day 19 embryos. After the addition of each 

concentration, the vessel was allowed to stabilize before the next concentration was 

added. The effect of PGE2 was tested after LT exposure of the vessels to either 4% or 

25% O2. Preliminary experiments showed that the vehicle (ethanol) had no effect on 

vessel tension when used by itself. 

 

Oxygen Mechanisms 



 34

The rings of proximal DA from day 19 embryos were exposed to the Kv channel 

blocker, 4-aminopyridine (10 mM, 4-AP). In these experiments, 4-AP was added after the 

vessels were allowed to contract during the LT exposure to O2 and later to relax in 

response to changing the oxygen concentration back to 4%. Long term O2 pre-contracted 

proximal DA were also exposed to the L-type Ca2+ channel blocker nifedipine (10 μM). 

After the addition of nifedipine the PSS was substituted by a modified 0 mM Ca2+ PSS to 

study the effects of the lack of Ca2+ in the O2 constricted DA.  

To test for the role of reactive oxygen species in stimulating contraction, the 

proximal DA was exposed to rotenone (10 μM), an inhibitor of electron transport 

complex I. The redox sensitivity of the DA was examined in rings of proximal sections of 

day 19 embryos with the reducing agent dithiothreitol (3 mM; DTT). Rotenone and DTT 

were added to the organ bath following LT O2 induced contraction of the vessel. I also 

examined the role of calcium sensitization on the chicken DA using proximal vessels 

from day 19 embryos and exposing them to Y-27632 (10-8 to 10-5 M), a selective 

inhibitor of the Rho-associated protein kinase p160ROCK, and fasudil (10-8 to 10-4 M), a 

cyclic nucleotide-dependent protein kinase inhibitor and Rho-associated kinase inhibitor. 

 

Drugs 

Prostaglandin E2 was purchased from Cayman Chemical and dissolved in ethanol. 

Indomethacin, L-NAME, dithiothreitol, rotenone, and nifedipine were purchased from 

Sigma-Aldrich. 4-aminopyridine, Y-27632 and Fasudil were purchased from Tocris 

Bioscience. 



 35

Statistical Analysis 

Significance of the results was tested using ANOVA followed by Tukey’s post 

hoc tests.  All data are presented as mean ± SE.  The level of significance for all tests was 

P < 0.05.   All statistics were carried out with Sigmastat 3.5.     

 

Results 

Contraction in Response to Long Term Exposure 

After allowing the vessels to stabilize at the baseline, the concentration of O2 was 

increased from 4% to 25%. This rise in O2 caused the proximal DA from day 19 embryos 

to contract (Figure 3.1). While this initial first contraction was immediate but weak, it 

was usually significantly greater that the baseline tension (P < 0.05). Following the initial 

contraction there was a period of long term (LT) exposure to 25% O2 and during this time 

the proximal DA continued to contract until a plateau was reached after three hours. This 

contraction as a result of LT exposure to 25% O2 is 4 times greater that the initial 

contraction. Figure 3.1 shows a representative trace of the proximal DA O2 induced 

contractions from a control animal. After the three hours of LT exposure to O2, when O2 

concentration was changed back to 4% the proximal DA relaxed to a tension that was not 

significantly different from either the first O2 induced contraction or the baseline. Once 

plateau was reached again the O2 concentration was raised again to 25% and the proximal 

DA returned to the tension level of the LT contraction, but this time the increase in 

tension occurred immediately. There was little change in the distal DA in response to 

long term exposure.  The distal DA relaxed after the initial O2 increase and remained 
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relaxed during the LT exposure to 25% O2 (Figure 3.1).  For the rest of the study I focus 

only on the proximal DA.   

 

Role of Prostaglandin E2 and Nitric Oxide 

 The same experiment was repeated in other proximal DA of day 19 embryos and 

the prostaglandin inhibitor indomethacin or the NO inhibitor L-NAME were added to the 

PSS during the LT exposure to either 4% or 25% O2. Addition of indomethacin (5.6 µM) 

to the PSS during the LT exposure to either 4% or 25% O2 did not alter the response of 

the day 19 proximal DA when compared to the control (Figure 3.2). The day 19 proximal 

DA was also insensitive to the addition of L-NAME (0.1 mM) to the PSS; however, only 

when added during the LT exposure to 4% O2. When the proximal DA was exposed to 

25% O2 and L-NAME, it reached a tension that was 1.6 times greater than the tension 

reached by the control (Figure 3.2, P < 0.05). 

 Addition of PGE2 to the proximal DA after LT exposure to 25% O2, indomethacin 

and L-NAME causes a relatively weak relaxation. PGE2 (10-10 to 10-5 M) caused a weak 

relaxation in day 19 proximal DA from chicken embryos (Figure 3.3). PGE2 was added 

after the vessels had been exposed for three hours to a 25% O2 concentration, 

indomethacin (5.6 µM) and L-NAME (0.1 mM). The vessels started relaxing after the 10-

8 M PGE2 concentration was added; however, only the 10-6 M dose produced a significant 

decrease from the LT O2 induced contraction (P < 0.05). Addition of 10-5 M PGE2 causes 

the vessels to contract. 
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Oxygen Mechanisms 

Blocking of the Kv channels using 4-AP after the proximal DA have been pre-

contracted by LT exposure to 25% O2 causes a weak contraction that is not significantly 

different from the initial short term (ST) O2 induced contraction. When the proximal DA 

of day 19 embryos have been exposed for three hours to an O2 concentration, after 

lowering the O2 concentration to 4% and adding 4-AP (10 mM), the vessels do not 

produce a significant contraction (Figure 3.4). Also at this point, after the addition of 4-

AP, if the O2 concentration is returned to 25% the tension rises above the tension 

produced by the long term (LT) O2 induced contraction.   

L-type Ca2+ channel blocker nifedipine produced relaxation of the day 19 O2 

contracted proximal DA (Figure 3.5). After the proximal DA of day 19 animals were 

allowed to contract during a period of three hours using 25% O2, 5.6 µM indomethacin 

and 0.1 mM L-NAME addition of nifedipine (10 µM) caused significant relaxation (P < 

0.05). Further experimentation showed that by removing the Ca2+ from the tissue bath by 

using a modified PSS the vessels further relaxed to a greater extent than simply blocking 

the L-type Ca2+ channels. At this point when the PSS contained 0 mM Ca2+ addition of 

nifedipine caused no additional change in vessel tension; however, lowering the O2 

concentration to 4% causes the tension to decrease to a point that is not different from the 

acute O2 induced contraction (Figure 3.5). 

 Addition of DTT (Figure 3.6) or rotenone (Figure 3.7) in the O2 constricted 

proximal DA brought about relaxation. The reducing agent DTT (3 mM) caused a 

significant relaxation in the day 19 proximal DA that had been constricted by LT 
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exposure to 25% O2 (Figure 3.6, P < 0.05). Rotenone (10 µM), an inhibitor of electron 

transport complex I, when added to day 19 proximal DA that had been constricted with 

LT exposure to 25% O2, indomethacin (5.6 µM) and L-NAME (0.1 mM) caused a strong 

relaxation that abolished the LT contraction (Figure 3.7). 

Inhibitors of Rho kinase Y-27632 and fasudil completely relaxed the O2 pre-

constricted proximal DA of day 19 embryos (Figure 3.8). Y-27632 relaxed the proximal 

DA with a threshold of 10-6 M (Figure 3.8A). After the last dose (10-4 M) was added the 

tension reached the level of the acute O2 induced contraction. Fasudil also began 

decreasing the tension in the vessels after the 10-6 M concentration was added; however, 

this relaxation was weak (Figure 3.8B). At the end of the fasudil experiments (10-4 M) the 

tension in the proximal DA reached 0 mN mm-1, at which point the experiments had to be 

stopped. 

 

Discussion 

Contraction in Response to Long Term Exposure 

 When the proximal DA of day 19 chicken embryos is exposed to 25% O2 for a 

period of several hours two different responses were seen (Figure 3.1). The first response 

came immediately after the rise in O2 concentration. This contraction although weak is 

usually significantly different from the baseline. The other response is a steady increase 

in DA tension that starts after one hour of exposure to 25% O2 and it continues for about 

two hours. In mammals, Sutendra and Michelakis (2007) described the DA O2 induced 

contraction as having three phases. The first phase occurs rapidly after initial exposure to 
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high O2, the acute phase, in the second phase or sub-acute phase the presence of 

modulator sustain the muscle contraction and in the third phase or chronic phase the 

vessel begins the remodeling process. I suspect that the day 19 chicken proximal DA 

follows the same pattern. Consistent with these phases, I found that during the initial 

contraction the chicken DA responds similarly to the mammalian DA when exposed to 

compounds such as the Kv channel inhibitor 4-AP and the Ca2+ channel blocker 

nifedipine, all contributors in the mammalian acute phase (Chapter 2; Sutendra and 

Michelakis, 2007). It has been widely accepted that when working with mammals and the 

DA it takes less that two hours to reach maximal DA contraction using normoxia, 

indomethacin and L-NAME (Coceani et al., 1978, 1980; Clyman et al., 1978, 1999). 

However, in chickens the transition from chorioallantoic membrane (CAM) respiration to 

lung respiration takes more time than the transition from placental respiration to lung 

respiration in mammals and this could explain why the chicken proximal DA becomes 

sensitized to oxygen with expose to long term O2. 

 

Role of Prostaglandin E2 and Nitric Oxide 

Prostaglandin E2 (PGE2) showed at least in vitro little contribution in maintaining 

the proximal DA of pre-term embryos patent during either short or long term exposure.  

On the other hand, nitric oxide (NO) appears to have a bigger role in keeping the DA 

from closing in an oxygen dependent way during long term exposure. In the DA of many 

mammals, indomethacin causes contraction (Smith, 1998). However, exposing the 

proximal DA from day 19 embryos to the COX inhibitor indomethacin for a three hour 
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period causes a response that is not different from the control regardless of the O2 

concentration (Figure 2). Ågren et al. (2007) also found no response in the chicken DA 

when exposed to indomethacin, the COX-1 inhibitor valeryl salicylate or the COX-2 

inhibitor nimesulide. These results confirm that regardless of the availability of O2 the 

role of prostaglandins in maintaining ductal patency is diminished in the chicken embryo 

when compared with the mammalian DA (Figure 3.2). On the other hand, figure 3.2 also 

shows that the role of NO depends on the length of exposure and the concentration of O2. 

In the vessels where the NO inhibitor L-NAME was added during a long term exposure 

to 4% O2 the response was similar to the response to indomethacin; however, when L-

NAME was added during the long term exposure to 25% O2, the response was 

significantly higher than the control (P < 0.05). Takizawa et al. (2000) argues that since 

the mechanisms for NO release are simpler than those needed for the release of 

prostaglandins, then maybe that is why the vasodilator effects of NO are present in the rat 

at an earlier stage. These findings ultimately suggest that in the chicken DA, O2 is 

capable of signaling the release of NO most probably from the epithelial cells 

surrounding the lumen of the DA and it also suggest that NO has a larger role avoiding 

muscle contraction after the initiation of lung ventilation. The release of substances that 

inhibit the O2 induced contraction of the DA may be essential for the survivor of the 

chicken embryo since their lungs are not as compliant (Thompson, 2007). Also because 

of their organization, it takes them longer to become fully functional and hence chickens 

depend on their CAM’s for period of almost two days before they are able to rely fully on 
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their lungs.  Thus, the NO mediated relaxation during long term exposure may ensure the 

DA does not close too rapidly. 

Adding of PGE2 to the LT O2 pre-contracted day 19 DA caused a relatively weak 

relaxation. PGE2 will not relax the day 19 chicken DA after the initial O2 response 

(Figure 2.1B), instead to see the relaxing response of PGE2 it must be added after the 

vessel have been exposed to 25% O2 for at three hours. Compared to mammals (Bouayad 

et al., 2001; Coceani et al., 1978, 1980; Clyman et al., 1978, 1999; Leonhardt et al., 2003; 

Waleh et al., 2004), this response in the chicken is not very strong, as PGE2 needs to 

reach a concentration of 10-6 M to produce a relaxation different from the tension 

achieved by the LT O2 induced contraction (Figure 3.3). At 10-5 M, PGE2 causes a 

significant contraction that appears to be more a pharmacological reaction due to the high 

dose instead of a physiologically relevant response.          

 

Oxygen Mechanisms 

   Oxygen induced DA contraction is a topic that is still debatable and part of its 

complexity comes from the variety of mechanisms that are available to the smooth 

muscle cell to trigger vasoconstriction. Some of these mechanisms appear to overlap 

while others can become more potent or weaker as the exposure to O2 extends over a 

longer period of time.  

When the Kv channel inhibitor 4-AP (10 mM) is added to the proximal DA of pre-

term chicken embryos after they have only been exposed to 25% O2 to produce the initial 

short term contraction and relaxed back to the baseline by lowering the O2 concentration 
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back to 4%, the vessels produce a contraction that is significantly different from the point 

where 4-AP was added (Figure 2.3). However, when 4-AP is added in day 19 proximal 

DA after they have been exposed to LT 25% O2, the response is no longer different from 

baseline (Figure 3.4). In mammals such as rabbits (Tristani-Firouzi et al., 1996) and birds 

such as emus (Dzialowski and Greyner, in review), 4-AP mimics the O2 acute 

contraction. This suggests that inhibition of Kv channels is mostly involved with the acute 

O2 induced contraction, but its role is diminished as the DA becomes more sensitized to 

O2. Raising the O2 concentration back to 25% after addition of 4-AP also supports this as 

the tension rises in no explicable fashion. Although still debatable, it is widely accepted 

that as the smooth muscle cells begin to contract because of the rise in O2 other 

mechanisms that lead to muscle contraction take place. Some of these mechanisms 

include the rise in intracellular concentration of ROS (Michelakis et al., 2002), calcium 

sensitization (Hong et al., 2006), and the effects of endothelin-1 (Ovadia et al., 2002). It 

is reasonable to think that after exposure to LT 25% O2 other mechanisms that constrict 

the DA are taking place. 

 Blocking of the L-type Ca2+ channels with nifedipine causes relaxation of the 

chicken DA (Figure 2.4) and human DA (Michelakis et al., 2000). However, if the 

addition of nifedipine occurs after the proximal DA have been exposed for a period of 

three hours to 25% O2 then the relaxation, although significant (P < 0.05), is not as 

potent (Figure 3.5). Even reducing the concentration of Ca2+ in the solution to 0 mM did 

not return the LT O2 induced contraction to the tension where it started. This finding 

again suggests that during the LT O2 induced contraction another mechanism or 
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mechanisms are facilitating the availability of Ca2+ through another method or reducing 

the amount of Ca2+ needed to sustain DA contraction.  One of these mechanisms may be 

the presence of store operated Ca2+ (SOC) channels described by Hong et al. (2006). 

Hong et al. (2006) found that there is an increase in the intracellular concentration of Ca2+ 

and even contraction in smooth muscle cells that have been pretreated with nifedipine. In 

these experiments it was concluded that Ca2+ can enter the cell through SOC channels. 

The response seen in the day 19 chicken embryo is also in agreement with another 

experiment by Clyman et at., (2007) where they state that only about 50% of the mature 

lamb DA maximal contraction is due to entry of Ca2+ to the cell through L-type calcium 

channels and store operated Ca2+ channels. 

 Both the reducing agent DTT (Figure 3.6) and the electron transport chain 

complex I inhibitor rotenone (Figure 3.7) relaxed the LT O2 contracted day 19 proximal 

DA. These results are in agreement with Reeve et al. (2001) who saw relaxation after 

adding DTT to the O2 constricted rabbit DA and Michelakis et al. (2002) who saw in 

human DA that the addition of rotenone or antimycin A, blockers of the electron 

transport chain complex I and III respectively, caused relaxation of the O2 constricted 

DA. Michelakis et al. (2002) even argued that the more O2 constricts the DA the larger 

the relaxation is by rotenone.  In the DTT experiment the relaxation is weaker than the 

response that resulted when the addition of DTT was done after the peak of the acute O2 

response (Figure 2.5). 

It may be likely that the increased contraction in response to LT O2 exposure may 

be due to a sensitization of the smooth muscle cells to Ca2+.  The inhibitors of Rho kinase 
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activity Y-27632 and fasudil completely abolished the LT O2 induced contraction (Figure 

3.8). The relaxations produced by Y-27632 (Figure 3.8A) and fasudil (Figure 3.8B) are 

similar to the relaxations obtained from human DA (Kajimoto et al., 2007). Calcium 

sensitization and the inhibition of the myosin light chain phosphatase (MLCP) could in 

part explain why after removal of the Ca2+ from the bath solution of vessels that had been 

contracted during LT exposure to 25% O2 there was some contraction remaining. 

Kajimoto et al. (2007) explained that inhibition of the MLCP can reduced the 

requirement of Ca2+ in the smooth muscle cells to produce and sustain contraction. The 

Rho kinase pathway; however, has a larger role than simply reducing the amount of Ca2+ 

needed in the smooth muscle cell. The balance between the MLCP and myosin light 

chain kinase (MLCK) is an integral part of the DA tone. This can be seen as the addition 

of Y-27632 and fasudil relax the DA until the tension reaches 0 N/m.                  

 In conclusion the proximal DA from day 19 chicken embryos appears to follow 

the same phases of O2 constriction in which there is an acute response where inhibition of 

Kv channels and depolarization of L-type channels have a more outstanding role. The 

following phase or sub-acute phase in the chicken embryo is characterized for an 

apparent sensitization to Ca2+ which can be derived from mechanisms such increased 

production of NO, calcium sensitization and the presence of other modulators such as 

endothelin-1 not studied in this paper.   
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Figure 3.1 Representative recording of the isometric tension in vitro from both sections of 
the left chicken DA during long term exposure to 25% O2. 
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Figure 3.2 Nitric oxide is appears to be a stronger vasodilator of the pre-term chicken 
proximal DA than prostaglandins under long term (LT) exposure. Active tension 
measured from the proximal DA of the chicken embryos during long term exposure to 
25% O2 (control, n = 6), 25% O2 and 5.6 µM indomethacin (indo 5.6 µM, n = 6), 25% O2 
and L-NAME (L-NAME 0.1 mM, n = 8), 4% O2 and 5.6 µM indomethacin (indo 5.6 µM 
– O2, n = 6) and  4% O2 and L-NAME (L-NAME 0.1 mM – O2, n = 4). Largest 
horizontal section of the graph represents long term exposure. * = Significantly different 
from other groups during the long term exposure.  
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Figure 3.3 The proximal section of the chicken DA relaxes in response to PGE2 only after 
long term (LT) exposure to O2. Response of the proximal DA to stepwise increments in 
PGE2 from day 19 embryos (n = 5). Largest horizontal section of the graph represents 
long term exposure. * = Line is significantly different from LT 25% O2 induced 
contraction at P < 0.05. 
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Figure 3.4 The Kv channel antagonist 4-AP failed to produce a significant contraction in 
the chicken proximal DA. Contractile response of the pre-term chicken proximal DA to a 
long term exposure to 25% O2 followed by the addition of 10 mM 4-AP. Largest 
horizontal section of the graph represents long term exposure (n = 6). Lines with different 
letter are significantly different at P < 0.05. 
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Figure 3.5 Blocking the L-type Ca2+ channels with nifedipine relaxes the proximal 
section of the chicken DA. Relaxing response as a result of adding the L-type Ca2+ 
channel blocker, nifedipine (10 μM), and by the removal of Ca2+ from the PSS in long 
term O2 constricted day 19 proximal DA (n = 8). Largest horizontal section of the graph 
represents long term exposure. Lines with different letter are significantly different at P < 
0.05. 
 

 

 



 50

A
ct

iv
e 

Te
ns

io
n 

(m
N

 m
m

-1
)

0.0

0.2

0.4

0.6

0.8

1.0 LT 25% O2

3
DTT (mM)

a

b

c

 

Figure 3.6 The reducing agent dithiothreitol (DTT) produced a relaxation in the proximal 
section of the O2 contracted chicken DA. Relaxing response in the long term O2 
constricted DA of day 19 embryos after the addition of DTT (3 mM) (n = 6). Largest 
horizontal section of the graph represents long term exposure. Lines with different letter 
are significantly different at P < 0.05. 
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Figure 3.7 The electron transport chain inhibitor rotenone produced relaxation of the long 
term O2 contracted day 19 proximal DA. Relaxing response of rotenone (10 μM) in long 
term O2 constricted DA of day 19 embryos. (n = 8). Largest horizontal section of the 
graph represents long term exposure. Lines with different letter are significantly different 
at P < 0.05. 
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Figure 3.8 Inhibitors of Rho kinase, Y-27632 and fasudil, produced significant relaxation 
of the long term O2 constricted proximal DA from day 19 embryos. Relaxing response 
after stepwise addition of (A) Y-27632 (n = 6) and (B) fasudil (n = 7) in the long term 
constricted proximal DA of day 19 embryos. Largest horizontal section of the graph 
represents long term exposure. Lines with different letter are significantly different at P < 
0.05. 
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CHAPTER 4 

THE ROLE OF PROSTAGLANDINS, NITRIC OXIDE AND OXYGEN IN THE 

DUCTUS ARTERIOSI OF THE PRE-TERM CHICKEN EMBRYO (Gallus 

domesticus): CONCLUSIONS AND FUTURE DIRECTIONS 

The ductus arteriosus have been studied since it was first described as a 

cardiovascular shunt in the 16th century, yet there are many aspects of its physiology that 

are not well understood. Patent DA in humans remains the second most common heart 

complication that occurs in live births, especially in pre-mature births (Trivedi et al., 

2006). Additionally, there are many newborns affected by cardiovascular and respiratory 

illnesses in which the DA needs to be kept open. Treatments for these situations usually 

aim to stabilize the patient until surgery is possible and many of the drugs used to treat 

the patients carry harmful side effects. Therefore, the study of the DA is very important if 

we want to understand how best to treat these individuals.  My study sheds light into the 

mechanisms governing the contraction and relaxation of the DA using an avian model. 

Most of the experiments done on the DA have used mammalian species. 

However, birds have recently gained attention in this topic (Ågren et al., 2007; 

Dzialowski and Greyner, in review) and this new wave of research is likely to continue 

since birds offer several advantages over viviparous animals.  These advantages include 

the development of the embryo in a self contained egg and the longer transition from 

chorioallantoic membrane (CAM) to lung respiration which creates a longer window of 

opportunity to study the closure of the DA in the bird compared with the mammal. 
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The experiments presented in chapter 2 demonstrated that in the pre-term 

chicken embryo the role of prostaglandins may be diminished at least during the initial 

O2 induced contraction compared with mammals. This reaction was contradictory to the 

results found in the emu which is also a precocial bird (Dzialowski and Greyner, in 

review). In the emu, even though the DA is unresponsive to indomethacin, the O2 

induced constricted proximal DA relaxes in the presence of PGE2. Experiments in 

chapter 2 also show that whenever the concentration of O2 is increased from 5% to 25% 

(Figure 4.1a) it is very possible that the mitochondrion, acting as an O2 sensor, releases 

reactive oxygen species (ROS) such as H2O2 (Figure 4.1b). According to Michelakis et 

al. (2002) and their research in humans, H2O2 has the ability to cause inhibition of Kv 

channels (Figure 4.1c). This response is similar to that found in the chicken DA where 

inhibition of Kv channels with 4-AP leads to contraction. Contraction of the DA occurs 

because the inhibition of the Kv channels leads to membrane depolarization (Figure 

4.1d) and this reaction causes L-type Ca2+ channels to open allowing Ca2+ from the 

cytoplasm to enter into the smooth muscle cell (Figure 4.1e). Once Ca2+ is inside the 

cell it binds calmodulin (Figure 4.1f) and this complex, Ca2+-calmodulin, activates the 

myosin light chain kinase (MLCK, Figure 4.1g). The MLCK then phosphorylates the 

myosin light chain (MLC, Figure 4.1h) and the MLC can then binds actin and begins 

the formation of cross bridges leading to muscle contraction (Figure 4.1i). Experiments 

in chapter 2 also demonstrated that the activity of Rho kinase can lead to Ca2+ 

sensitization. During the mechanism of Ca2+ sensitization, Rho kinase inhibits the 

action of the myosin light chain phosphatase (MLCP, Figure 4.1j) which has the role of 
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dephosphorylating the MLC allowing the muscle to relax (Figure 4.1k). Therefore, if 

the activity of Rho kinase increases, then the smooth muscle cell can stay contracted 

longer while requiring less Ca2+ (Hong et al., 2006). 

Experiments executed in chapter 3 showed how the DA of chicken embryos 

reacted to long term exposure to 25% O2. During these experiments a short term 

response and a long term response to O2 are clearly noticeable. Also during these 

experiments the diminished role of prostaglandins is confirmed by the lack of 

responsiveness of the DA to three hours exposure to the prostaglandin inhibitor, 

indomethacin, and by the weak relaxation produced by PGE2 in the long term O2 

constricted proximal DA. I also found that in response to the long term exposure to O2 

the proximal DA releases NO which partially inhibits the O2 induced contraction. 

Moreover, it is demonstrated in chapter 3 that as the proximal DA enters the long term 

response to O2, the role of the mechanisms such as Kv inhibition and activation of L-

type Ca2+ channels lessens and other mechanisms such as increased Rho kinase activity 

take place to sustain the O2 induced contraction (Figure 4.1). 

The experiments presented in this paper studied the role of prostaglandins, nitric 

oxide and oxygen in the DA of the chicken embryo; however, to grasp a deeper 

understanding of what actually occurs in the DA during the process hatching other 

experiments need to be performed. For instance, theoretically the amount of 

prostaglandins, prostaglandins derivates and NO circulating in the blood could be 

measured more accurately in the chicken than in mammals where the mother could act 

as a buffer. In addition, in vivo experiments in which the outcome of certain drugs is 
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studied can be also performed in oviparous animals by injecting the drug into an 

embryo vessels or a CAM vessel without influence from the mother. Another important 

set of experiments that will aid in the understanding of the closure of the DA due to a 

rise in Po2 involves the use of molecular biology techniques to elucidate upregulation or 

downregulation of certain proteins that can alter the O2 induced contraction or initiate 

remodeling during O2 exposure. 
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Figure 4.1 Summary of the mechanisms found governing the 25% O2 induced contraction 
of the chicken embryo DA. a) An increase in the concentration of O2 b) will cause the 
mitochondrion to release oxygen reactive species, especially H2O2. c) H2O2 is believed to 
be capable of inhibiting the Kv channels in the plasma membrane. d) Inhibition of the Kv 
channels causes a depolarization of the membrane which e) causes L-type Ca2+ channels 
to open allowing the influx of extracellular Ca2+. f) Ca2+ inside the cells binds calmodulin 
(CaM) and g) the Ca2+-CaM complex activates the myosin light chain kinase (MLCK). h) 
The activated MLCK phosphorylates the myosin light chain (MLC) i) leading to muscle 
contraction. k) The myosin light chain phosphatase (MLCP) dephosphorylates the MLC 
allowing the cell to relax. j) The Rho-associated protein (ROK) can inhibit the activity of 
the MLCP, thus causing the smooth muscle cell to stay contracted for longer periods of 
time. 
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