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ABSTRACT: The hypoxic conditions in which children with intrauter-
ine growth retardation (IUGR) develop are hypothesized to alter the
development of the ductus arteriosus (DA). We aimed to evaluate the
effects of in ovo hypoxia on chicken DA morphometry and reactivity.
Hypoxia (15% O, from day 6 to 19 of the 21-d incubation period)
produced a reduction in the body mass of the 19-d fetuses and a
shortening of right and left DAs. However, ductal lumen and media
cross-sectional areas were not affected by hypoxia. The ductal contrac-
tions induced by oxygen, KCl, H,O,, 4-aminopyridine, and endothelin-1
were similar in control and hypoxic fetuses. In contrast, the DAs from
the hypoxic fetuses showed increased contractile responses to norepi-
nephrine and phenylephrine and impaired relaxations to acetylcholine,
sodium nitroprusside, and isoproterenol. The relaxations induced by
8-Br-cGMP, forskolin, Y-27632, and hydroxyfasudil were not altered by
chronic hypoxia. In conclusion, chronic in ovo hypoxia-induced growth
retardation in fetal chickens and altered the response of the DA to
adrenergic agonists and to endothelium-dependent and -independent relax-
ing agents. Our observations support the concept that prolonged patency of
the DA in infants with [UGR may be partially related with hypoxia-induced
changes in local vascular mechanisms. (Pediatr Res 65: 279-284, 2009)

Intrauterine growth retardation (IUGR) is most frequently
the consequence of placental insufficiency resulting in de-
creased availability of nutrients and oxygen (1). Although
IUGR is considered as an important cause of pre- and post-
natal morbidity, its impact on the several areas of morbidity
associated with prematurity remains controversial. Reports
vary from higher to similar rates of respiratory distress syn-
drome, chronic lung disease, necrotizing enterocolitis, retinop-
athy of prematurity, and patent ductus arteriosus (DA) in
preterm infants with and without IUGR (1,2).

The putative alterations produced by hypoxia and other
prenatal insults in the normal development of DA are
unclear. Histologic evidence of accelerated maturation of
the DA was described in the autopsy of preterm infants
exposed to chronic intrauterine stress, leading to the hy-
pothesis that this may have resulted clinically in effective
postnatal DA closure (3). In contrast, other authors have
described in the DA of premature infants with IUGR,
histologic changes, such as fragmentation, coagulation,
necrosis of the internal elastic lamina, hemorrhage with
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necrosis, and loosening of elastic fibers and muscles in the
tunica media that may have produced subsequent patent DA (4).

The chicken fetus is an excellent model for the study of the
cardiovascular consequences of prenatal growth retardation
(5-7). Recently, we have studied the chicken DA reactivity
and demonstrated that the effects of vasoactive mediators on
its tone are developmentally regulated with loss of respon-
siveness to vasodilators and increase of responsiveness to
vasoconstrictors with advancing age (8—10).

Hypoxia has profound effects on endothelial and vascular
smooth muscle cellular physiology affecting the transcription-
ally regulated expression of vasoactive substances, the mod-
ulation of receptor populations, the density and activities of
ion channels, and the signal transduction pathways involved in
modulating vascular tone (5-7,11-14). Postnatal constriction
of the full-term DA produces hypoxia of the muscle media,
and this stimulus appears as essential for the anatomic remod-
eling that prevents subsequent ductal reopening (15). In the
present study, we hypothesize that prolonged hypoxic expo-
sure alters the development of the DA contractile apparatus
that is essential for rapid constriction after birth. Therefore,
our aim was to evaluate the effects of in ovo hypoxia on the
chicken DA reactivity and morphology.

METHODS

Incubation and hypoxia protocol. Experiments were performed in accor-
dance with Dutch law for animal experimentation and were approved by the
Ethical Committee of the University of Maastricht. Fertile Lohman-selected
White Leghorn eggs were incubated at 37.8°C and 45% humidity (Incubator
model 25HS, Masalles Comercial, Spain). Control embryos were incubated
under normoxic conditions (21% O,, 0.03% CO,). Experimental embryos
were incubated under normoxic conditions until day 6 of incubation when
eggs were transferred to a second incubator where hypoxia (15.0 * 0.3%
atmospheric O,, 0.03% CO,) was maintained by providing a constant flow of
N, and compressed air with a flow meter. The O, and CO, concentrations in
the incubator were monitored with a DrDAQ O, sensor (Pico Technology,
United Kingdom) and an infrared CO, analyzer (Beckman Instruments, Inc.,
Fullerton, CA).

Morphometric analysis of the DA. On day 19 of incubation, the embryos
were taken out and immediately killed by decapitation. With the aid of a
dissecting microscope (Mild M8; Leica, Cambridge, United Kingdom), the

Abbreviations: 4-AP, 4-aminopyridine; ACh, acetylcholine; cGMP, cy-
clic GMP; CSA, cross-sectional area; ET-1, endothelin-1; KRB, Krebs-
Ringer bicarbonate; Ky, voltage-gated K" channels; NE, norepinephrine;
pD,, —log ECs; Phe, phenylephrine; sGC, soluble guanylate cyclase; SNP,
sodium nitroprusside
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Figure 1. Anatomy of the chicken DA. The method used to determine the length and diameter of the pulmonary (solid line) and the aortic (dashed line) of the
DAs is also depicted. Ao, aorta; PA, pulmonary artery. Lengths (B) and diameters (C) of the DAs of 19-d chicken fetuses exposed to hypoxia (H) or normoxia
() during incubation. Pulm, pulmonary side; Aor, aortic side. Each bar represents the mean = SEM of eight animals. *p < 0.05 for difference from normoxia.

heart, the esophagus and the crop were removed, the right and the left DA
were exposed, and the preparation was photographed (Fig. 1) with a digital
camera (Leica DFC 280). Pictures were subsequently analyzed with a com-
puterized morphometric system (Quantimet 570C; Leica,). Analysis was
performed by a single observer (P.A.), who was unaware of the experimental
conditions. The total length of the DAs, the length of the aortic and the
pulmonary segments, and the maximal and minimal diameters were deter-
mined. Each measurement was repeated three times and the mean value
recorded.

Microscopic morphometric analysis was assessed in DAs fixed in situ with
the whole-body freezing technique. Embryos were frozen in 1% carboxym-
ethylcellulose in liquid nitrogen. Serial, transversal sections (8 wm thick)
through the whole length of the DAs, were obtained on a Leica freezing
microtome (CM 3050S) and double staining was performed for elastin
(Lawson solution; Klinipath, Duiven, The Netherlands) and a MAb against
smooth muscle a-actin (Dako, Carpinteria, CA). Microscopic images were
analyzed with the Quantimet 570C to determine media layer cross-sectional
area (CSA), media wall thickness, and intraluminal CSA. This analysis was
only performed in the right DA because its orientation allowed the obtention
of transversal sections of the vessel (Fig. 2). From each specimen, 3-5
sections with the morphology of the pulmonary side and 8—10 with the
morphology of the aortic side of the DA were analyzed. Sections with a
transitional morphology between the two parts were discarded for analysis.
Analysis was performed by a single observer (L.K.), who was unaware of the
experimental conditions.

Recording of DA reactivity

Reactivity was analyzed only in the proximal (pulmonary) side of the
vessel. Rings from hypoxic and normoxic embryos were studied in parallel.
The myograph organ bath was filled with Krebs-Ringer bicarbonate (KRB)
buffer maintained at 39°C and continuously aerated with one of the following
gas mixtures: 95% N,/5% CO, (Po, = 2.6-3.3 kPa), 5% 0,/90% N,/5% CO,
(Po, = 6.8-7.2 kPa), or 21% O,/74% N,/5% CO, (Po, = 16-20 kPa). The
final pH was 7.38-7.42 and Pco, was 4.6-5.6 kPa in all solutions (8). Each
DA ring was stretched to its individual optimal lumen diameter, i.e., the
diameter at which it developed the strongest contractile response to 62.5 mM
KClI (8). During the first phase of stabilization and determination of optimal
diameter, KRB buffer was aerated with 95% N,/5% CO, Afterward, and
depending on the specific protocol, one of the above-described gas mixtures
was used.

To assess the responsiveness of the DA to oxygen, vessels were incubated
for 30 min with 95% N,/5% CO,. Then the gas mixture was switched to 21%
0,/74% N,/5% CO, This gas was maintained for 10 min. In another set of
experiments, the organ chamber was bubbled with 5% 0,/90% N,/5% CO,
and concentration-response curves to KCI, the inhibitor of voltage-gated (Ky,)
K" channels 4-aminopyridine (4-AP), H,O,, endothelin-1 (ET-1), norepi-
nephrine (NE), and phenylephrine (Phe) were constructed. Relaxing agonists
were evaluated during contraction induced by 62.5 mM K. Concentration-
response curves for acetylcholine (ACh), the nitric oxide (NO) donor sodium
nitroprusside (SNP), the cGMP (cGMP) analog 8-Br-cGMP, the B-adreno-
ceptor agonist isoproterenol, the adenylyl cyclase activator forskolin, and the
Rho-kinase inhibitors Y-27632 and hydroxyfasudil were constructed.

Drugs and solutions. KRB contained (in mmol/L): NaCl, 118.5; KCl,
4.75; MgS0O,7TH,0, 1.2; KH,PO,, 1.2; NaHCO,, 25.0; CaCl,, 2.5; glucose,
5.5. Solutions containing different concentrations of K* were prepared by
replacing part of the NaCl by an equimolar amount of KCI. All the drugs were
obtained from Sigma Chemical Co (St. Louis, MO) and dissolved initially in
distilled deionized water (except forskolin in ethanol).

Data analysis. Results are shown as mean (SD) of measurements in n
animals. For clarity, results in the figures are shown as mean = SEM.
Contractions are expressed in Newton/meter and relaxations as percentage
of reduction of the contraction induced by K*. Sensitivity (expressed as
pD, = —log ECs,) and maximal contraction or relaxation (E, ) to
agonists was determined by fitting individual concentration-response data
to a nonlinear sigmoidal regression curve. Comparisons were made by an
unpaired ¢ test. Differences were considered significant at a p < 0.05.

RESULTS

Fetal growth and DA morphometry. Exposure of chicken
fetuses to 15% instead of 21% O, from day 6 to day 19 of
incubation induced growth retardation (body mass normoxic:
29.9 g, SD 5.6, n = 34; hypoxic: 25.3, SD 5.5, n =32, p <
0.01 versus normoxic).

Both the right and the left DAs were shorter in the hypoxic
fetuses (Fig. 1B). When the lengths of pulmonary and the
aortic sides of the DA were analyzed, it was observed that the
ductal shortening induced by hypoxia was due to a shortening
of the pulmonary segment (Fig. 1B). The external diameter of
the DA was not significantly different between normoxic and
hypoxic fetuses (Fig. 1C).

As shown in Fig. 2, the chicken DAs exhibited two distinct
phenotypes along their lengths. The proximal (pulmonary) DA
displayed the structure of a muscular artery with a dense
a-actin-positive media subjacent to the endothelium and few
layers of elastic fibers around the muscular layer. The distal
(aortic) DA contains many elastic fibers that fill the vascular
wall arranged in concentric lamellae with «-actin-positive
smooth muscle cells embedded between the lamellae. The
muscular phenotype was present in 49.4% (SD 8.7, n = 5) of
the length of the right DA from the normoxic animals and in
33.0% (SD 11.5, n = 5, p < 0.05 versus control) of the vessel
length from the hypoxic group. The lumen CSA was signifi-
cantly greater in the pulmonary than the aortic side of the DA
and the media CSA was significantly greater in the aortic than
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Figure 2. Histology of the chicken DA. Light micrographs showing double
staining for elastin and a-actin of cross-sections of snap-frozen 19-d chicken
fetuses exposed to normoxia (A) or hypoxia (B) during incubation. Bars 200
M. Ao, aorta; PA, pulmonary artery; Eso, esophagus; Br, bronchus; R, right;
L, left. (C) The media and lumen cross-sectional areas of the right DA were
not significantly different between normoxic ([(J) and hypoxic (H) fetuses.
Each bar represents the mean = SEM of five animals.

in the pulmonary side of the vessel. The media and lumen
CSAs of the right DA were not significantly different between
normoxic and hypoxic fetuses (Fig. 2C).

DA reactivity. Switching the O, mixture from 0 to 21% (3
to 18 kPa) produced a progressive increase of the O, concen-
tration in the organ chamber that reached a steady state after
~3 min (8). This increase in O, concentration resulted in a
contractile response of the DA that was not significantly
different between hypoxic and normoxic fetuses (Fig. 3A). In

addition, the contractions induced by 4-AP (Fig. 3A), KCl
(Fig. 3B; pD, normoxic: 1.61, SD 0.12; hypoxic: 1.69, SD
0.14; p > 0.05), H,0, (Fig. 3C), and ET-1 (Fig. 3D) did not
vary between the experimental groups. The diameter at which
maximal responses to depolarizing high-K™ solution were
obtained was significantly higher in the DAs from the hypoxic
fetuses (843.1 wm, SD 92.31, n = 32 versus 775.8 um, SD
92.3, n = 32; p < 0.05), but the passive wall stretch induced
by this optimal diameter was not significantly different (nor-
moxia: 0.89 N/m, SD 0.19; hypoxia: 0.92 N/m, SD 0.24).

The adrenergic agonists NE (Fig. 3E) and Phe (Fig. 3F)
induced significantly (p < 0.05) larger contractions in the DAs
from the hypoxic (NE: 0.91 N/m, SD 0.22, n = 11; Phe:0.87
N/m, SD 0.20, n = 11) than in those from the normoxic
fetuses (NE: 0.72 N/m, SD 0.23, n = 11; Phe:0.69 N/m, SD
0.18, n = 11). However, the sensitivity (pD,) to NE (nor-
moxic: 6.67, SD 0.22; hypoxic: 6.65, SD 0.23) and Phe
(normoxic: 5.42, SD 0.15; hypoxic: 5.45, SD 0.17) did not
vary between the experimental groups.

Acetylcholine (Fig. 4A), SNP (Fig. 4B), 8-Br-cGMP (Fig.
40), isoproterenol (Fig. 5A), forskolin (Fig. 5B), Y-27632
(Fig. 5C), and hydroxyfasudil (Fig. 5D) relaxed DA rings
(precontracted with 62.5 mM KCl) in a concentration-
dependent manner. The relaxations induced by ACh (E,, .
normoxic: 39.49%, SD 16.2, n = 8; E,,, hypoxic: 15.02%,
SD 10.2, n = 8, p < 0.05 versus normoxic), SNP (E, ..
normoxic: 59.9%, SD 27.7, n = 8; E,,,, hypoxic: 33.1%, SD
16.4, n = 8, p < 0.05 versus normoxic), and isoproterenol
(Eax normoxic: 168.1%, SD 19.4, n = 8; E,,. hypoxic:
112%, SD 164, n = 8, p < 0.05 versus normoxic) were
significantly impaired in the DAs from the fetuses incubated
under hypoxic conditions. The sensitivity to SNP was signif-
icantly greater in normoxic than in hypoxic fetuses (pD,
normoxic: 5.84, SD 0.4; pD, hypoxic 4.95, SD 0.41, p < 0.01
versus normoxic). The sensitivities to ACh and isoproteronol
did not differ significantly between groups. The relaxations
induced by 8-Br-cGMP, forskolin, Y-27632, and hydroxyfa-
sudil were not significantly different when normoxic and
hypoxic DAs were compared.

DISCUSSION

We have characterized the morphologic and functional
status of the DA in a chicken model of hypoxia-induced fetal
growth retardation (5-7). We did not find significant evi-
dences for an accelerated or delayed anatomical remodeling of
the DA in the growth-retarded chicken fetuses. In contrast, the
DA of the hypoxic fetuses showed an enhanced contractile
response to a-adrenergic agonists and an impaired relaxation
to the B-adrenoceptor agonist isoproterenol, the endothelium-
dependent vasodilator acetylcholine and the endothelium-
independent vasodilator SNP.

The DA belongs to a specialized system of O,-sensitive
organs and tissues in the body that includes, among others, the
pulmonary arteries, the carotid body, and the neuroepithelial
body, which share striking similarities in the ways they re-
spond to changes in O, tension (16,17). The mechanism
proposed to explain O,-induced ductal contraction includes a
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Figure 3. Contractile effects of oxygen, 4-AP, KCl, H,O,, ET-1, norepinephrine, and phenylephrine in DA rings of 19-d chicken fetuses exposed to hypoxia (H)

or normoxia ([J) during incubation. Each point (or bar) represents the mean = SEM of 811 animals. *p < 0.05 for difference in E,
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Figure 4. Concentration-dependent relaxant effects of acetylcholine, SNP, and 8-Br cGMP in DA rings of 19-d chicken fetuses incubated under hypoxia (H) or
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sensor: the electron transport chain of the mitochondria that
increases production of reactive oxygen species, particularly
H,0,, in response to changes in O, levels. H,O, can reach the
cell membrane and decrease the opening of K, channels. This
causes DA depolarization, opening of the voltage-gated Ca**
channels, increase in intracellular Ca®>", and vasoconstriction
(16,17). Preliminary results of our laboratory indicate that this
“mitochondria-H,0,-K,, channels” axis is also involved in the
response of chicken DA to O, (8, and unpublished results).
Although chronic hypoxia could putatively alter each compo-
nent of the above axis (18), we have not observed any
hypoxia-induced alteration of the chicken DA response to
oxygen. Moreover, the contractions induced by high-K™* de-
polarizing solution, the K, channel blocker 4-AP, and H,O,
were not significantly affected by chronic hypoxia.

Within the vasculature in general, chronic hypoxia produces a
broad spectrum of structural and functional changes that are
typically organ specific (18). As reported elsewhere, chronic
moderate hypoxia in the chicken fetus led, in the femoral artery,
to impairment of endothelium-dependent relaxation (6,7) and
increased periarterial sympathetic innervation (5), whereas in the
pulmonary arteries led to an impairment of the responsiveness to

from normoxia. §p < 0.05 for difference in pD, from

max

several vasoconstrictors but did not affect endothelium-dependent
or -independent relaxations (7). In the present work, we observed
that chronic hypoxia impaired ACh- and SNP-mediated relax-
ations of the DA. Previously, we demonstrated that ACh induces
endothelium-dependent relaxation of the chicken DA and that
NO and endothelium derived hyperpolarizing factor are involved
in this response (9). On the other hand, SNP evoked endotheli-
um-independent relaxation of the chicken DA through the acti-
vation of soluble guanylate cyclase (sGC) (9). Therefore, the
NO/sGC/cGMP axis is active in the chicken DA and our present
results indicate that chronic hypoxia induced an impairment of
this vasodilatory pathway. It should be noted that, in the present
work, we studied the effects of relaxant agonists in DA rings
contracted with high-K™ depolarizing solution. Thus, the contri-
bution of hyperpolarizing mechanisms to relaxation could not be
analyzed in our experiments. In relation to the vascular effects of
chronic hypoxia, numerous investigations have examined the
involvement of the NO/sGC/cGMP axis in pulmonary and sys-
temic vessels. The majority of these studies report hypoxia-
induced endothelial impairment with normal response to NO
donors (19,20). However, other authors report alterations in both
endothelium-dependent and -independent relaxation after expo-
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Figure 5. Concentration-dependent relax-
ant effects of isoproterenol, forskolin,
Y-27632, and hydroxyfasudil in DA rings
of 19-d chicken fetuses incubated under
hypoxia (M) or normoxia ([J). Each point
represents the mean = SEM of 6-11 ani-
mals. *p < 0.05 for difference in E,
from normoxia.
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sure to chronic hypoxia (21). In turn, chronic hypoxia has been
reported to elevate vascular sGC abundance and activity in some
studies (12), but decrease it in others (22). In the present study,
we observed that the relaxation induced by the cell-permeable
analog of cGMP, 8-Br-cGMP, was similar in the DA from
normoxic and hypoxic fetuses, indicating that signaling events
coupling cGMP to relaxation were not affected by chronic hyp-
oxia. Taking together, our results suggest that chronic hypoxia-
induced impairment of NO-evoked relaxation is due to a reduced
sGC activity. However, an additional impairment the endothelial
NO synthase or an increase in phosphodiesterase-mediated ca-
talysis of cGMP cannot be discarded.

Our study also reports that adrenergic agonist-induced con-
tractions to norepinephrine and phenylephrine were enhanced
in the DA from chicken fetuses exposed to chronic hypoxia
during incubation. On the other hand, the DA relaxations
induced by the [B-adrenoceptor agonist isoproterenol were
impaired in the hypoxic fetuses. Accordingly, other investi-
gators reported that femoral artery constriction in response to
adrenergic agonists was significantly enhanced in femoral
arteries from rats (23) and lambs (14) gestated under hypoxia.
In contrast, chronic hypoxia impaired the contraction evoked
by a-adrenergic agonists in pulmonary arteries (14). Previ-
ously, we demonstrated that norepinephrine and phenyleph-
rine induced a developmentally increased contraction of the
chicken DA (8). Interestingly, the relaxation induced by iso-
proterenol decreased with development (10). Therefore, the
changes induced by hypoxia in DA adrenergic responsiveness
mimic the changes induced by development, suggesting that
the effect of hypoxia might be consequence of a developmen-
tal acceleration. In addition, the impairment of ACh- and
SNP-mediated relaxation, which is a characteristic feature of
the mature chicken DA (9), was also observed in the hypoxic
fetuses. However, other features of the mature chicken DA,

-8 -7 -6
Log [Hydroxyfasudil] (M)

such as the enhanced responsiveness to O,, KCI, H,O,, ET-1,
or 4-AP (8,24) were not present in the DA of the hypoxic
animals.

Activation of the RhoA/Rho-kinase pathway can induce Ca**
sensitization, a phenomenon in which sustained vasoconstriction
occurs, independent of ongoing increases in cytosolic Ca®"
(25,26). Recently, Rho kinase activation has been implicated in
DA constriction in several mammalian species (25,26). Our
observation of the Rho-kinase inhibitors Y-27632 and hydroxy-
fasudil concentration dependently decreasing tone of KCI-
precontracted chicken DA suggests that this pathway also plays
a role in the regulation of DA contraction in this species. Nu-
merous experimental evidences indicate that chronic hypoxia
augments Rho kinase-induced vascular smooth muscle Ca**
sensitization, particularly in the pulmonary vasculature (13,27)
McNamara et al. (13) reported that pulmonary vascular RhoA is
activated and Rho-kinase activity is increased in rat pups by
exposure to hypoxia from birth for 14 d. Moreover, hypoxia-
induced RhoA expression in the lung is age dependent and found
to be greatest in the fetus (27). In the present study, we observed
that the relaxation evoked by Y-27632 and hydroxyfasudil was
similar in DAs from normoxic and hypoxic fetuses. This indi-
rectly suggests that Rho-kinase activity in the chicken DA was
unaffected by chronic prenatal hypoxia.

The chicken DA presents morphologic and functional hetero-
geneity along its path between the pulmonary artery and the aorta
(8,24). Thus, the pulmonary side shows the structure of a mus-
cular artery and responds to O, with contraction, whereas the
aortic part shows the morphology of an elastic artery and relaxes
in response to O, (8,24). In addition, ACh, SNP, and the NO-
independent stimulator of sGC BAY 41-2272 induced larger
relaxations in the aortic side of the vessel (9), whereas isoproter-
enol, forskolin, and the phosphodiesterase 3 inhibitor milrinone
evoked larger relaxations in the pulmonary side (10). The reac-
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tivity studies of the present work were exclusively focused on the
pulmonary side, which appears to be the “real” DA in the
chicken. Bergwerft et al. (28) demonstrated that the distal elastic
part of the chicken DA is mesodermal in origin and is the result
of the incorporation of dorsal aorta tissue, whereas the muscular
pulmonary side was shown to consist almost exclusively of
neural crest derived cells. In the present work, we observed that
the proportion of DA with muscular morphology was signifi-
cantly reduced in the hypoxic animals. In addition, and although
the in situ diameter of the DA was not affected by hypoxia, the
functional diameter (i.e., the one at which the vessels showed
maximal K" -induced contraction) was higher in the hypoxic
group. With our present results, we can only speculate about
these findings. However, and interestingly, numerous studies
demonstrated that exposing animals to chronic hypoxia results in
morphologic and functional changes in the neural crest-derived,
oxygen-sensing cells of the carotid body (29). The specific effects
of chronic hypoxia in the neural crest-derived cells of the DA and
in the vascular elastic properties warrant further investigation.

As mentioned in the introduction, there have been reported
signs of accelerated (3) or abnormal (4) DA development in
preterm infants with IUGR. Recently, Rakza et al. (2) described
that the DA is larger in infants with [UGR than in eutrophic
preterm infants, as soon as 6 h after birth. In our chicken model,
and with the exception of the above discussed shortening of the
pulmonary segment, no other signs of morphologic alterations
were found and the CSAs of the DA lumen and wall were
comparable between normoxic and hypoxic 19-d fetuses. This
suggests that at this stage of development the DA maintains a
similar degree of patency in both groups. The 19-d fetuses used
in the present study were noninternally pipped. On day 19 of
incubation, the fetus internally pips by piercing the air cell inner
membrane with its beak and begins lung ventilation. During the
internal pipping, the relative blood flow to the chorioallantoic
membrane progressively declines, whereas blood flow to the
lungs increases (24). However, the presence of the ductal shunt is
still necessary during internal pipping. In fact, Belanger et al.
(24), reported that internal pipping did not induce significant
changes in chicken DA diameter but these changes were ob-
served during external pipping. At this stage, ductal closure was
associated with a breakdown of the internal elastic lamina, mi-
gration of smooth muscle cells into the neointimal zone, and
swelling and detachment of the endothelial layer (9,24). By day
2 posthatching the lumen of the proximal portion of the DA is
completely occluded (24). Whether the structural and functional
alterations that we described in the present work accelerate or
delay this process remains to be investigated.
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