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In developing avian embryos, the right and left ductus arteriosi (DA) allow for a shunt of systemic venous return
away from the lungs to the body and chorioallantoicmembrane (CAM). Unlike inmammals where the transition
from placental respiration to lung respiration is instantaneous, in birds the transition from embryonic CAM res-
piration to lung respiration can take over 24 h. To understand the physiological consequences of this long tran-
sition we examined circulatory changes and DA morphological changes during hatching in the emu (Dromaius
novaehollandiae), a primitive ratite bird. By tracking microspheres injected into a CAM vein, we observed no
change in DA blood flow between the pre-pipped to internally pipped stages. Two hours after external pipping,
however, a significant decrease in DA blood flow occurred, evident from a decreased systemic blood flow and
subsequent increased lung blood flow. Upon hatching, the right-to-left shunt disappeared. These physiological
changes in DA blood flow correspond with a large decrease in DA lumen diameter from the pre-pipped stages
to Day 1 hatchlings. Upon hatching, the right-to-left shunt disappeared and at the same time apoptosis of smooth
muscle cells began remodeling the DA for permanent closure. After the initial smooth muscle contraction, the
lumen disappeared as intimal cushioning formed, the internal elastic lamina degenerated, and numerous cells
underwent regulated apoptosis. The DA closed rapidly between the initiation of external pipping and hatching,
resulting in circulatory patterns similar to the adult. This response is most likely produced by increased DA con-
striction in response to increased arterial oxygen levels and the initiation of vessel remodeling.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

In developing mammals and birds, embryonic gas exchange occurs
by means of the placenta or chorioallantoic membrane (CAM), respec-
tively. Blood bypasses the lungs via an embryonic vascular shunt
known as the ductus arteriosus (DA). The DA is derived from the sixth
aortic arch and shunts blood away from the pulmonary artery and
into the systemic pathway (Slomp et al., 1992; Bergwerff et al., 1999;
Dzialowski et al., 2011; Levin et al., 2005; Belanger et al., 2008;
Greyner andDzialowski, 2008). In birds such as the chicken, theDA con-
sists of two discrete sections. The proximal section lies close to the pul-
monary artery and is composed mostly of smooth muscle cells. The
distal section connects the vessel directly to the aorta and has more
elastin and less smooth muscle than the proximal portion of the DA
(Belanger et al., 2008; Greyner and Dzialowski, 2008). In the chicken
embryo, 16% of the cardiac output from the right ventricle flows to the
1 940 565 3821.

35 Pacific Hall, 5289 University
lungs, likely to provide nourishment for pulmonary development,
while the rest passes through the ductus (Rahn et al., 1985).

The embryo uses the DA throughout its development in utero/in ovo
and it must close with birth or hatching. As birth/hatching occurs, the
embryonic gas exchanger is superseded by pulmonary respiration, and
blood must flow through the lungs as the animal begins to breathe at-
mospheric air. This transition period is accomplished by the constriction
of the DA and subsequent remodeling of the vessel walls (Rabinovitch,
1996; Belanger et al., 2008; Yokoyama et al., 2010; Yokoyama, 2015).
The developmental period over which the ductus closes varies
interspecifically. For mammals, DA closure occurs over several minutes
to a few hours, since the switch from placenta to lungs is immediate. In
birds, however, this process occurs over a longer paranatal period of
several hours or even days as the embryo transitions from the embryon-
ic in ovo stage to the hatchling ex ovo stage of life (Visschedijk, 1968;
Rahn et al., 1985). The morphological and physiological changes that
occur over this prolonged period of closure in birds are relatively
unknown.

Ductus closure generally occurs in two stages: initial functional clo-
sure by smooth muscle constriction of the vessel, followed by morpho-
logical remodeling of the ductus arteriosus. During the first stage of DA
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closure, smooth muscles contract in response to an increase in arterial
PO2 (Tristani-Firouzi et al., 1996; Thébaud et al., 2004; Reese et al.,
2006; Greyner and Dzialowski, 2008; Yokoyama et al., 2010; Coceani
and Baragatti, 2012). The DA from both chicken and emu embryos are
sensitive to the increase in blood PO2 that occurs during pipping, hatch-
ing, and the associated switch to pulmonary respiration. This increased
PO2 initiates the contraction that takes place in the DA prior to actual
morphological remodeling (Tristani-Firouzi et al., 1996; Imamura
et al., 2000; Thébaud et al., 2004; Greyner and Dzialowski, 2008; van
der Sterren et al., 2014). In the chicken, proximal DA closure begins
with smoothmuscle contraction during the last stage of hatching, exter-
nal pipping (Belanger et al., 2008). This constriction has been shown to
be redox sensitive and involved the Rho kinase pathway, as well as
influx of Ca2+ through L-type calcium channels (Keck et al., 2005;
Weir et al., 2008; Greyner and Dzialowski, 2008; Cogolludo et al,
2009; Hong et al., 2013).

The morphological changes that remodel the DA after the initial
constriction have been studied mainly in mice, rabbits, and monkeys
(Tada and Kishimoto, 1990; Giuriato et al., 1993; Rabinovitch, 1996;
Clyman et al., 1999; Imamura et al., 2000; Yokoyama et al., 2010;
Coceani and Baragatti, 2012; Yokoyama, 2015), with one study in
the birds (Belanger et al., 2008). The proximal DA is the first vascular
area to begin anatomical remodeling in the chicken, and does so
starting on day 20 of incubation when the embryo is externally
pipped (Belanger et al., 2008). Over the next 12 to 24 h, fragmenta-
tion of the internal elastic lamina occurs and smoothmuscle cells mi-
grate into the tunica intima of the vessel resulting in occlusion of the
lumen (Belanger et al., 2008). A decrease in the overall number of
smooth muscle cells in the DA occurs in the days following mamma-
lian birth (Tennenbaum et al., 1996). Apoptosis also occurs in the
mammalian DA, but its presence and timing in the avian DA are un-
known. Lamb, sheep, baboon, and human DA have all exhibited
marked levels of Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) positive cells after birth (Clyman et al., 1999;
Goldbarg et al., 2003; Levin et al., 2005, 2006; Kim et al., 2009).
When closure occurs, the majority of smooth muscle cells in the lamb
DAundergo cell death in thefirst 24 h after birth (Levin et al., 2005). Im-
mature DA that remain patent, on the other hand, do not display a
marked level of TUNEL-positive cells (Levin et al., 2005). Baboon DA
show the presence of cell death in the most hypoxic areas of the vessel
(Clyman et al., 1999) and other studies confirm that hypoxia, alongwith
ATP depletion and hypoglycemia, contribute to the incidence and
amount of TUNEL-positive cells in the mammalian DA (Goldbarg et al.,
2003; Levin et al., 2005, 2006).

Hatching in the emu (Dromaius novaehollandiae) begins after ap-
proximately 49 days of incubation (E49), when the bird breaks through
the air cell during internal pipping (IP) and begins to respire with its
lungs. External pipping (EP) and hatching follow on day 50 when the
bird breaks the eggshell with its beak and breathes normoxic air for
the first time. The overall process of the onset of pulmonary respiration
is prolonged in birds (hours to days; Visschedijk, 1968; Rahn et al.,
1985) compared tomammals (a fewminutes). Moreover, the circulato-
ry and morphological changes at the DA are unknown in birds beyond
the chicken which, although commonly investigated, is not representa-
tive of the great diversity among birds. Emu belong to Palaeognathae,
among the most primitive clades of birds (Prum et al., 2015) and
when compared with other birds and mammals can provide an under-
standing of potentially conserved developmental morphological and
physiological phenotypes in vertebrate lineages. Thus, the main objec-
tive of this studywas to examine theDAmorphological changes, includ-
ing apoptosis, and associated blood flow patterns occurring in the
hatching emu. We hypothesized that the greatest changes in blood
flow and DA morphology would occur during the externally pipped
stage of the hatching process. To test this hypothesis, we measured
changes in blood flow patterns during hatching and the associatedmor-
phological changes in the ductus arteriosus of the emu.
2. Methods

2.1. Eggs and incubation

Emu eggs were obtained from the Cross Timbers Emu Ranch in Pilot
Point, Texas. Eggs were incubated in a Hatchrite incubator at a temper-
ature of 36.5 °C, relative humidity of 35%, and automatically turned
every 4 h. The University of North Texas Animal Care and Use Commit-
tee approved all procedures used in this study.

2.2. Blood flow patterns

The distribution of blood flow from the right atrium to the lungs,
heart, brain, and CAMwasmeasured in day 49 internally pipped embry-
os, externally pipped embryos, and day 0 hatchlings, corresponding to
98%, 99%, and 100% of embryonic development. Relative blood flows
were measured by determining the distribution of colored micro-
spheres (15 μm diameter in heparinized 0.09% NaCl saline with 0.05%
Tween 80, IMT — Stason Laboratory, Irving, CA) in tissues of interest
(see Sbong andDzialowski, 2007), as briefly described below. Embryon-
ic stages were cannulated by removing a small portion of the eggshell
and associated membranes to reveal the chorioallantoic membrane. A
chronic cannula was inserted into a small chorioallantoic vein using
heat-pulled PE 10 tubing. Externally pipped embryos were cannulated
during internal pipping and then were artificially externally pipped by
breaking a hole into the shell. The animalswere allowed to be externally
pipped for two hours prior to injection of microspheres.

Hatchlings were cannulated at either the femoral or jugular vein
while anesthetized by inhalation of isoflurane and artificially ventilated.
Animals were intubated and ventilated using a Harvard ventilator. 50
microliters of coloredmicrospheres (8000microspheres/μl) in heparin-
ized saline were injected into the CAM vein or jugular vein, where they
passed through the right side of the heart and were then distributed to
the systemic or pulmonary circuit. Anesthetized embryos and hatchlings
were euthanized by decapitation and the heart, brain, CAM, and lungs
were removed and weighed. Each tissue was digested overnight in 10–
13 ml of 1 M KOH at 65 °C. Sodium deoxycholic reagent was added to
the digested tissue to increase the volume to 14 ml. This solution was
thenmixed by vortex and centrifuged at 1500 g for 30min. The superna-
tant was aspirated, and the pellet was re-suspended by sonication into
10 ml 5% Triton X-100 solution. The solution was centrifuged at 1500 g
for 15 min, and the supernatant was aspirated to a level just above the
pellet. The remaining volume was determined with a 200 μl pipette.
The number of microspheres in each tissue sample was then counted
using a hemocytometer. Data are presented as the number of micro-
spheres counted in the CAM, heart, or brain divided by the number ofmi-
crospheres counted in the lungs. This measure allows estimation of the
blood leaving the right atria and flowing to the tissues through the DA
and the interatrial foramina, distinct from blood flowing to the lungs
through the pulmonary arteries (Dzialowski et al., 2011; Sbong and
Dzialowski, 2007). The greater the ratio, the greater the right-to-left
shunt of blood away from the lungs and to that tissue.

2.3. Histology

To examine morphological DA closure during hatching, emus were
studied on incubation days 45, 50, and 51, and post-hatching days 0,
1, 2, 3, and 4. Birds were euthanized by inhalation of isoflurane and
the right DA was removed and fixed in 4% paraformaldehyde at 4 °C
for 24 h before being stored in phosphate buffered saline (pH 7.4).

The fixed vessels were dehydrated in graded methanol, infiltrated
with paraffin, and then embedded and oriented in paraffin blocks
for sectioning. Using a microtome, 5 μm thick sections of DA were sec-
tioned and mounted on microscope slides. Slides were deparaffinized
in xylene and rehydrated in graded ethanol. The samples were stained
for further morphological analysis with hematoxylin and eosin (H&E).
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Fig. 1. Changes in blood flow through the ductus arteriosus during hatching in the emu,
reported as the ratio of the number of microspheres found in the CAM (circle), heart
(square), and brain (triangle) to the number of microspheres found in the lungs as a func-
tion of stage of development. A decrease in the ratio indicates an increase in pulmonary
flow through the pulmonary artery and a decrease in the right-to-left shunt. E49, embryo
day 49 (n = 10); IP, internally pipped (n = 5); EP, externally pipped (n = 5); hatchling
(n = 10). Data presented as means ± SE. Open symbols represent a significant
(P b 0.05) decrease compared with the day 49 embryos.
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Serial sections were stained by Van Gieson stain to determine the mor-
phological and histological changes in elastin fibers and the internal
elastic lamina of the DA over time. Histomorphometric measurements
were made on digital images of the DA sections using ImagePro Plus
5.0 image analysis software (Mediacybernetics) and ImageJ (NIH). The
lumen diameter was determined by measuring the lumen circumfer-
ence and then calculating diameter assuming the DA had a circular con-
figuration (Rouwet et al., 2002; Belanger et al., 2008).

2.4. Apoptosis

Tissues were examined for evidence of apoptosis by staining for ter-
minal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) using the TUNEL Apoptag® Peroxidase In Situ Apoptosis
Detection Kit (Millipore). This technique detects fragmented DNA asso-
ciated with apoptosis resulting in apoptotic nuclei staining brown
(Gavrieli et al., 1992). Positive control slides (female rodent mammary
gland) were run with each experimental trial as a quality control mea-
sure. Images were taken of DA sections and the presence of TUNEL-
positive cells was analyzed on day 45, day 49, IP, and EP embryos and
on days 0, 1, and 2 post-hatching. For each sample, an apoptosis index
was determined by examining the sections at a 40× objective setting
on aNikon E2000microscope and counting the number of apoptotic nu-
clei within the field of view. All vessel structures, including the tunica
adventitia, were included in the quantitative analysis.

2.5. Statistics

Masseswere compared byANOVA followed byHolm–Sidak post hoc
test. Blood flow changes were examined after log transformation with
one-way ANOVA. This was followed by Holm–Sidak post hoc test to de-
termine when blood flow differed significantly from embryonic day 49.
Lumen diameters were compared during development with a one-way
ANOVA followed by Holm–Sidak post hoc test compared against day 45
DAdiameter. Lumen diameters and bloodflowdata are presented as the
mean ± standard error (SE). The presence of TUNEL-positive cells was
examined using an ANOVA on ranks followed by Dunn's post hoc test.
TUNEL-positive cell data is presented as the median and 25th and
75th percentile. Significance was taken at p b 0.05. Statistics were run
on SigmaPlot 11.

3. Results

3.1. Masses

There were no significant differences in yolk-free body mass be-
tween pre-pipped embryos, internally/externally pipped embryos, and
hatchlings (p = 0.770; Table 1). However, heart mass increased signif-
icantly across these developmental landmarks (p b 0.001; Table 1).
Heart mass increased between pre-pipped and IP embryos and
remained elevated in hatchlings. Heart mass as a function of body
mass increased from ~0.4% of body mass during EP to 0.6% as a hatch-
ling. Left lung mass also increased during this period (p = 0.005),
being largest in the IP/EP embryos.
Table 1
Mean yolk-free body mass, heart mass, and left lung mass of emus. Values with different
letters are significantly different from each other. Data is presented at mean ± standard
deviation.

Pre-pipped IP/EP Hatchling

Yolk-free body mass (g) 253.1 ± 42.8
(11)

232.6 ± 66.0
(3)

250.0 ± 33.7
(7)

Heart mass (g) 1.06 ± 0.26a

(11)
1.42 ± 0.23b

(5)
1.55 ± 0.25b

(10)
Lung mass (g) 0.88 ± 0.23a

(11)
1.59 ± 0.59b

(5)
1.15 ± 0.34a,b

(10)
3.2. Right atrial blood flow

There was a significant decrease in the right-to-left shunt of blood
(i.e., pulmonary bypass) leaving the right atria and flowing to the
CAM (p=0.002), heart (p b 0.001), and brain (p b 0.001) during hatch-
ing (Fig. 1). In day 49 embryos, blood flow from the right atria to the
CAM and to the brain was 20 and 4 times greater, respectively, than
the blood flow to the lungs. During the transition from E49 to IP there
was little change in blood flow distribution from the right atria to the
four tissues. Upon EP, however, right-to-left shunting of blood de-
creased significantly. This was evident from a decrease in blood flow
to the CAM, heart, and brain relative to the flow to the lungs during
this stage of hatching. After hatching, the right-to-left shunt disap-
peared, with the greatmajority of themicrospheres ultimately captured
in the lung.
3.3. Ductus morphology

Progressive, significant constriction of the DA lumen (p b 0.001) oc-
curred during the paranatal hatching period from a mean around
0.5 mm prior to hatching (Fig. 2A). While lumen diameters were not
significantly different from each other on days 45, day 49, and IP,
upon external pipping, DA lumen diameter decreased significantly
when compared with embryonic day 45 DA (p b 0.001). This constric-
tion progressed through day 4 post-hatching, at which point the
lumen was functionally occluded, with a diameter not significantly dif-
ferent from zero.

Mean DA wall thickness, taking into account the entire vessel
including the tunica adventitia, increased in size between E45 and E49
(Fig. 2B). As the vessel constricted and the wall thickness increased,
the smooth muscle cells decreased in length and the endothelial cells
and neointimal zone increased in thickness.

TheDA exhibited significantmorphological changes during hatching
(Fig. 3). On day 45 of incubation theDAwas composed of awell-defined
smooth muscle layer surrounded by an elastic layer (Fig. 3A & B). The
smooth muscle layer was typically arranged in 8 to 11 layers of smooth
muscle cells. The vessel had a large lumen with a well-defined internal
elastic lamina and single layer of endothelial cells in the tunica intima.
There was little morphological change occurring from E45 to E49. The
first distinct morphological change began during IP, with the lumen
narrowing comparedwith E45 and E49 embryos (Fig. 3C & D). An addi-
tional change between the embryonic stage and the IP stage was the



E45 E49 IP EP
Day

 0

Day
 1

Day
 2

Day
 4

0

100

200

300

400

500

600

700

Stage of Development

L
u

m
en

 D
ia

m
et

er
 (

µm
)

(7)
(7)

(10)

(9) (7)

(7) (9) (10)

A

E45 E49 IP EP
Day

 0

Day
 1

Day
 2

Day
 4

0

100

200

300

Stage of Development

T
h

ic
kn

es
s 

(µ
m

)

Vessel wall SMC EndothelialB

Fig. 2. A) Lumen diameter (μm) and B) vessel thickness (μm) of the fixed right DA as a
function of stage of development. Sample sizes are provided in the parentheses. Data pre-
sented as means ± SE. Open symbols represent a significant (P b 0.05) change compared
with the day 45 embryos.
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development of intimal cushions at the endothelial layer surrounding
the lumen. During EP, the intimal cushions became more pronounced
and averaged 2 cells thick (Fig. 2E & F). Additionally, the lumen at EP
was greatly reduced from its original size compared with E45 and E49
embryos. Van Gieson staining revealed that there was fragmentation
of the internal elastic lamina occurring during the paranatal period.
On day 0 (hatchling) the intimal cushions were ~4 cells thick, and
the lumen diameter was markedly smaller than the diameter of the EP
lumen. Day 1 and day 2 hatchlings showed a functionally closed
lumen and a breakdown of the internal elastic lamina (Fig. 2G & H).
As the smooth muscle cells contracted, the nuclei revealed a rearrange-
ment of the layer.

3.4. Apoptosis

Significant apoptosis of DA smooth muscle cells occurred upon
hatching. TUNEL-positive cells, signaling apoptosis of smooth muscle
cells in the DA, first appeared during the IP stage of hatching and
increased significantly after hatching (p b 0.001; Figs. 4, 5A). On days
E45 and E49, none of the DA sections examined contained TUNEL-
positive smooth muscle cells (Fig. 5A). The first signs of apoptosis
appeared in DA vessels from IP emu (Fig. 4). Of 5 animals examined,
one showed TUNEL-positive cells (15 cells). TUNEL-positive cells were
observed in all EP DA examined (Fig. 4) with a median number of 15
TUNEL-positive counted per field of view (Fig. 4). There was a small, in-
significant increase in the number of TUNEL-positive cells in the DA
from day 0 hatchlings (median value of 39 positive cells per field of
view). By days 1 and 2, the number of TUNEL-positive cells were signif-
icantly greater than E 45 embryos (P b 0.05), showing a median of 124
and 147 TUNEL-positive cells in the DA, respectively (Figs. 4, 5B).

4. Discussion

4.1. Hemodynamic changes during hatching

Compared with mammals, the emu (likemost birds) has an extend-
ed hatching period as it transitions from the in ovo embryonic gas ex-
changer to ex ovo lung ventilation. Associated with this extended
transition is a slow closure of the ductus arteriosus lasting from internal
pipping through the first day of posthatch life— as long as 1–2 days. It is
unclear how this extended period of hemodynamic transition in the
emu or other birds varies from that in mammals. Indeed, this is the
first study to document the hemodynamic changes as well as identify
signs of remodeling-associated apoptosis in an avian ductus arteriosus.
During hatching, the greatest change in flow through the right-to-left
shunt provided by theDAoccurred during the transition from the exter-
nally pipped embryo to the hatchling (Fig. 2). This is in contrast to
chickens, where changes in the right-to-left shunt begin upon internal
pipping and continue through hatching (Rahn et al., 1985). The present
study has used the decliningmagnitude of the right-to-left shunt as one
indicator of closure of the ductus arteriosus in the emu. In mammals
such as the neonatal lamb, there is a reversal of blood flow through
the DA that occurs immediately after birth as the animal begins to re-
spire with its lungs (Kajino et al., 2002), quickly followed by functional
closure of the DA and with that, of course, no further right-to-left shunt
via this pathway. Blood flow changes in the emu suggest that there
should be minimal reversal of flow and unlike in mammals a right-to-
left shut is maintained, albeit at a lower level, once lung ventilation be-
gins during the IP stage.

4.2. Morphological changes during hatching

Prior to hatching, the emu DA has a patent functional lumen. The
vessel walls consist of a lining layer of endothelial cells, an internal elas-
tic lamina, a tunica media composed mainly of 2–3 layers of smooth
muscle cells, and a tunica adventitia where the vasa vasorum are locat-
ed. Hatching begins with the IP stage on day 49. At this point the endo-
thelial cells break away from the internal elastic lamina and intimal
cushions begin to form. The physiological signal that initiates smooth
muscle cell contraction during DA closure is the quickly elevating
blood oxygen levels associated with the initiation of lung ventilation
(Imamura et al., 2000; Greyner and Dzialowski, 2008). Intimal cushions
occur when the endothelial cells lining the lumen of the DAdetach from
the internal elastic lamina, and smoothmuscle cells collect in the neoin-
timal zone, the space between the internal elastic lamina and the endo-
thelium layer (Clyman et al., 1999; Slomp et al., 1992; Belanger et al.,
2008). Previous studies have characterized DA intimal cushions in
other animals such as humans, chickens, and rabbits (Slomp et al.,
1992; Giuriato et al., 1993; Belanger et al., 2008). In the emu beginning
at IP, the internal elastic lamina undergoes fragmentation demonstrated
by Van Gieson staining, and the intimal cushions increase in size until
the lumen is fully blocked by smooth muscle cells on post-hatch day 2.

The increased presence of smooth muscle cells in the neointimal
zone has been described in humans due to the migration of modified
smooth muscle cells from the tunica media (Slomp et al., 1992) and in
the chicken aorta, as the proliferation of smooth muscle cells from the
differentiation of endothelial cells (Arciniegas et al., 2000). In the emu,
intimal cushions were present at the beginning of the IP stage of hatch-
ing following the initial contraction of the DA. These intimal cushions



Fig. 3.Histological sections of the left and right proximal DA observed under a compound light microscope. Left proximal vessels (A, C, E, G) were stained using the Van Giesonmethod to
viewelastinfibers, while right proximal vessels (B, D, F, H)were stainedwith hematoxylin and eosin. At day 45 the lumendiameter is large and unobstructed (A, B). Intimal cushions begin
to form during IP (C, D). The lumen decreases further in diameter during EP (E, F). At day 0 extensive fragmentation of the internal elastic lamina occurs (G). The lumen is fully closed on
day 2 after hatching (H).
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increase in size during hatching. This change occurs earlier in the emu
embryo than is observed in the chicken embryo, where similar changes
inmorphology do not occur until external pipping takes place (Belanger
A

B

Fig. 5.Histological evidence for apoptosis in theDAduring hatching. Representative histo-
logical sections of the DA stained for TUNEL-positive cells in A) a day 49 embryo and B) a
day 2 hatchling. The nuclei stained brown in the day 2 hatchling are TUNEL-positive.
et al., 2008). This supports previous studies that state that mechanisms
in the emu that regulate DA closure must mature earlier than those in
the chicken (Crossley et al., 2003; Dzialowski and Greyner, 2007).

Smooth muscle cell migration coincides with the breakdown of the
internal elastic lamina during IP. Comparative observations between
smoothmuscle cells and Van Gieson staining show that as the incidence
of smooth muscle cells increase in the neointimal zone, the internal
elastic lamina shows signs of disruption. Other studies of the DA in
mammals and chickens have also noted the correlation between the in-
troduction of smooth muscle cells into the neointimal zone and the
breakdown of the internal elastic lamina (Slomp et al., 1997; Belanger
et al., 2008). The fragmentation of elastin in the blood vessels of mice
can induce the obstruction of a vessel through initiation of smoothmus-
cle cell proliferation in the neointimal zone (Li et al., 1998). While mol-
ecules such as oxygen, epinephrine, and ATP have been linked to the
regulation of DA closure, the disruption of the internal elastic lamina ap-
pears to ensure both the formation of intimal cushions and full DA oc-
clusion (Li et al., 1998; Levin et al., 2005; Belanger et al., 2008). This
might be especially true in bird and mammal species with larger DA
lumens.

4.3. Apoptosis in the ductus arteriosus

The second stage of DA closure in mammals involves anatomical re-
modeling involving apoptosis (Clyman et al., 1999; Tananari et al.,
2000). The extent and timing of apoptosis in the avian ductus during
hatching is unknown. In this present study, the prevalence of apoptosis
as indicated by the number of TUNEL-positive cells increased exponen-
tially during and after hatching. Apoptotic cells began to appear during
EP when the embryo begins pulmonary respiration. This time course is
similar to that of the fetal and neonatal swine and lamb (Tananari et al.,
2000; Levin et al., 2005). Apoptotic cells first appeared during the first
four hours after birth in neonatal lambs and increased significantly at
14 to 24 h after birth. This correlates with the changes observed in the
emu ductus, with the initial TUNEL-positive cells appearing during EP
when the vessel first begins to constrict. Apoptosis occurs in the entirety
of the DA in rabbits (Imamura et al., 2000), contrary to human DA clo-
sure where only inner media cells displayed apoptosis (Slomp et al.,
1997). The presence of apoptotic cells in the emu aligns with the find-
ings in rabbits, as TUNEL-positive smoothmuscle cells are visible across
the entire area of the vessel and were not isolated to one section but
found in both the tunica media and adventitia. Significant numbers of
TUNEL-positive cells differing from the day E45 vessels were seen in
day 1 hatchlings and the first observation of cell death in the DA was
seen in the IP stage of hatching. There was an exponential increase in
the number of TUNEL-positive cells located in the tunica media upon
hatching. There was also an exponential increase in the number of
TUNEL-positive cells in the neonatal lamb DA following birth (Kajino
et al., 2002)

As the DA constricts, its tissues should become hypoxic due to the
decrease in blood flow through the vessel. This localized extreme
hypoxia occurring during DA constriction results in a dramatic decrease
in ATP concentration. This further contributes to the amount of cell
death occurring in the DA after contraction (Levin et al., 2005). These
drops in ATP levels, however, could be directly attributable to the loss
of oxygen in the DA, which would leave the aerobic respiration path-
ways without a final electron acceptor, effectively cutting off the pro-
duction of ATP through oxidative phosphorylation. This distinction,
therefore, could simply be two sides of the same coin, with oxygen
loss being the proximal cause of apoptosis, and ATP depletion being
the ultimate causation. Another factor contributing to apoptosis in the
DA, which would lead to a loss of ATP, is the depletion of glucose in
the DA smooth muscle cells (Levin et al., 2005). Anaerobic respiration
through glycolysis is the favored method of energy production, due to
hypoxic conditions present in the DA. Hypoglycemia has a significant
effect on the increased presence of TUNEL-positive cells in the DA.
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Both of these phenomena could possibly attribute toDA cell death in the
emu as during hatching when apoptotic cells increase significantly in
number correlates with the constriction of the vessel (Fig. 5B).

4.4. Conclusions

Like mammals, all birds rely on a patent ductus arteriosus for blood
flow during fetal development. However, the transition from the fetal
gas exchanger to the lungs is prolonged in the birds. In the emu ductus
closure begins on day 49 during the IP stage of hatching; at this point,
the internal elastic lamina detaches from the endothelium and intimal
cushions begin to form in the neointimal zone. The intimal cushions
are composed of smooth muscle cells that have possibly migrated
from the tunica media through the fragmented internal elastic lamina,
evident from Van Gieson staining. The intimal cushions increase in
size to occlude the lumen over the next several days and an exponential
increase in apoptosis facilitates the anatomical remodeling of the vessel.
These morphological changes all play a key role in permanently closing
the DA in emu, and further studies should test the hypothesis that ATP
depletion due to a decrease in glucose has a regulatory effect on the
amount of cell death in the vessel.

Certainly, the large size of ratite eggs and embryos makes them a
tractable model for studying avian ductus arteriosus morphology and
physiology. However, whether the morphological and hemodynamic
changes documented in the emu – a primitive ratite bird – are represen-
tative of other birds is not clear and begs further examination.
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