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ABSTRACT: Ibuprofen-induced ductus closure improves pulmo-
nary mechanics and increases alveolar surface area in premature
baboons compared with baboons with a persistent patent ductus
arteriosus (PDA). Ibuprofen-treatment has no effect on the expression
of genes that regulate pulmonary inflammation but does increase the
expression of alpha-ENaC (the transepithelial sodium channel that is
critical for alveolar water clearance). Although ligation eliminates the
PDA, it does not improve pulmonary mechanics or increase alveolar
surface area. We used preterm baboons (delivered at 67% of term
gestation and ventilated for 14 d) to study whether the lack of
beneficial effects, after PDA ligation, might be due to alterations in
pulmonary gene expression. We found no differences in ventilation
or oxygenation indices between animals that were ligated (n � 7) on
day of life 6 and those that had a persistent PDA (n � 12) during the
entire 14 d study. In contrast with no intervention, PDA ligation
produced a significant increase in the expression of genes involved
with pulmonary inflammation (COX-2, TNF-�, and CD14) and a
significant decrease in alpha-ENaC sodium channel expression. We
speculate that these changes may decrease the rate of alveolar fluid
clearance and contribute to the lack of improvement in pulmonary
mechanics after PDA ligation. (Pediatr Res 69: 212–216, 2011)

Apersistent left-to-right shunt through a patent ductus arte-
riosus (PDA) increases the rate of hydrostatic fluid filtra-

tion into the lung’s interstitium (1), impairs pulmonary mechan-
ics (2–7), prolongs the need for mechanical ventilation (8), and
alters alveolar surface area (9). Although pharmacologic closure
of the PDA, with indomethacin or ibuprofen, prevents the dete-
rioration of pulmonary function and alveolar development
(2,7,9,10), there is little information to guide neonatologists in
what to do when the PDA fails to close after pharmacologic
treatment. Two small randomized-controlled trials, performed
almost 30 y ago, compared the effects of ligating the PDA (when
signs of congestive failure develop) with allowing the PDA to
persist indefinitely (8,11). Both studies found that surgical clo-
sure of the PDA decreased the need for prolonged ventilatory
support (8,11). Whether these findings are still applicable in the

setting of modern neonatal treatment has become a matter of
controversy among neonatologists (12).
Although ductus ligation eliminates the PDA, it does not seem

to have the same beneficial effects on lung development as
pharmacologic closure (10,13–17). In recent years, there has
been concern that PDA ligation may actually contribute to the
pulmonary morbidity it is trying to prevent (10,15–21). Popula-
tion-based observational studies have found that early surgical
ligation is an independent risk factor for the development of
bronchopulmonary dysplasia (BPD) and other neonatal morbid-
ities (15,16). In addition, several randomized- and cohort-
controlled trials suggest that early ductus ligation may contribute
directly to the development of BPD and prolonged ventilatory
requirements (17,22,23).
The premature baboon, delivered at 125 d gestation (67% of

gestation, term � 185 d), has been used to explore the causes of
BPD. The premature baboon has a similar neonatal course as the
premature human delivered between 26 and 27 wk of gestation
(24): they both develop respiratory distress and fail to close their
PDA after birth. Despite surfactant treatment, total parenteral
nutrition, low tidal volume ventilation, and low supplemental
oxygen administration during the first 2 wk after delivery, pre-
mature baboons develop pulmonary histopathologic changes that
are similar to those described in premature human infants with
BPD (25,26).
When compared with premature baboons with a persistent

PDA, baboons that are treated with ibuprofen to close their PDA
have improved pulmonary mechanics and increased alveolar
surface area (9). Ibuprofen treatment has no effect on the expres-
sion of genes that regulate pulmonary inflammation and remod-
eling but does increase the expression of alpha subunit containing
transepithelial sodium channels (alpha-ENaC, which are respon-
sible for lung water clearance; 9).
In contrast, premature baboons that have their PDA closed by

surgical ligation have no improvement in pulmonary mechanics
or alveolar growth compared with untreated controls (13,27).
Because proinflammatory cytokines/chemokines and mediators
of parenchymal and vascular remodeling have been associated
with the development of BPD (9,28–35), we examined whether
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the lack of beneficial effects, after PDA ligation, might be due to
alterations in pulmonary gene expression after the surgery. We
found that, in contrast to no intervention (leaving the ductus
patent), surgical closure of the PDA produced a significant
increase in the expression of genes involved with pulmonary
inflammation and remodeling and a significant decrease in the
expression of the alpha-ENaC epithelial sodium channel gene.

METHODS

Studies were reviewed and approved by the Institutional Animal Care and Use
Committee at the Southwest Foundation for Biomedical Research Primate Center
(SWBRPC) in San Antonio, TX, and were performed at SWBRPC. Necropsy
lung samples were obtained from animals that had previously participated in a
controlled trial of PDA ligation (27). A complete description of the animal care
and surgical procedures have been published elsewhere (25–27). Briefly, timed
pregnant baboon (Papio papio) dams were delivered at 125 � 1 d gestation (full
term � 185 d) and their newborns were mechanically ventilated for 14 d. The
dams did not receive antenatal glucocorticoids. At birth, the infants were
weighed, sedated, intubated, and given surfactant (Survanta; courtesy of Ross
Laboratories, Columbus, OH) before initiation of ventilator support (InfantStar;
Infrasonics, San Diego, CA). Ventilator adjustments were made based on chest
radiograph, clinical examination, arterial blood gas measurement, and tidal vol-
ume measurement (26). Target goals for PaO2 were 55 to 70 mm Hg, for PaCO2
were 45 to 55 mm Hg, and for tidal volume were 4 to 6 mL/kg. Nutritional, fluid,
transfusion, antibiotic, and blood pressure management have been previously
described (26). None of the animals received postnatal steroids.

Animals were randomized before delivery to either ductal ligation (LIGATION,
n� 7) at 6 d after birth or no intervention (CONTROL, n� 12). This time point was
chosen because the animals are relatively stable from a cardiopulmonary stand-
point and because previous experience has shown that the animals do not tolerate
the surgery before day of life 5–6. Animals in the LIGATION group
underwent ductus ligation, using standard surgical techniques, after induction
of anesthesia with ketamine (10 mg/kg) and fentanyl (20 �g/kg) and muscle
relaxation with pavulon (0.1 mg/kg). Animals in the CONTROL group did
not receive anesthesia or sham surgery because our intention was to mimic the
clinical care of human newborns.

The newborns were studied for the first 14 d after birth because beyond 14 d,
there is a high likelihood that the animals would develop septicemia and/or
pneumonia (25). Because sepsis plays a significant role in the development of
chronic lung disease in the preterm, the presence of septicemia/pneumonia in the
animals would significantly alter our ability to detect differences due to other
interventions. The x-rays were obtained daily, and surveillance cultures were
obtained while the animals were alive; histologic examinations were performed at
necropsy. None of the animals in the CONTROL or LIGATION groups devel-
oped septicemia or pneumonia during the study period.

Pulmonary function testing was performed using the VitalTrends plethysmo-
graph system (VT1000; Vitaltrends Technology, New York, NY). The reproduc-
ibility and sensitivity of this system have been described previously (26). Com-
pliance measurements were of the respiratory system as a whole and were
corrected for body weight. Oxygenation index [mean airway pressure (cm �
H2O) � FiO2 � 100/PaO2; where FiO2 represents fraction of inspired oxygen[and
ventilation index (peak inspiratory pressure � ventilator rate � PaCO2/1000)
were calculated at the same times.

A complete echocardiographic examination, including assessment of ductal
patency, was performed daily using an 8-mHz transducer interfaced with a
Biosound AU3 echocardiographic system (Genoa, Italy) (36,37). The findings
related to the animals’ clinical course, cardiovascular performance, and hemody-
namic and pulmonary measurements have been published in detail elsewhere
(13,27).

Preparation of lung total RNA, reverse transcription and quantitative
PCR. At necropsy (d 14), tissue from the right middle lobe (contralateral to the
side of the ductus surgery) was immediately frozen in liquid nitrogen for RNA
isolation, as previously described (38). TaqMan Universal PCR master mix of PE
Applied Biosystems (Foster City, CA) was used to quantify the expression of the
genes of interest. Taqman probes were designed using the Primer Express
program and labeled with fluorophores FAM (6-caboxy-fluorescein) and
TAMRA (6 carboxy-tetramethyl-rhodamine) as reporter and quencher dyes,
respectively. An ABI PRISM 7500 Sequence detection system was used to
determine the cycle threshold (CT). Reactions were carried out in triplicates. Data
were analyzed using the Sequence Detector version 1.6.3 program. Malate
dehydrogenase (MDH) was used as an internal control to normalize the data (39).

Control fetuses. Lung tissue (right middle lobe) was also obtained from 140 d
gestation premature fetuses (n � 11) that had remained in utero for the equivalent

14-d newborn experimental period (from 125 to 140 d). Fetuses were delivered by
cesarean section and killed before breathing.

Statistics. Data are presented as mean � SD. Our sample size was limited
both by the expense of the model and our attempt to limit the use of this precious
animal resource. Between-group differences were compared by unpaired t test or
the Mann-Whitney rank-sum test where appropriate. Statistical results were
generated using Statview (SAS Institute, San Francisco) software.

RESULTS

Nineteen newborn animals (CONTROL � 12; LIGATION �
7) were ventilated for 14 d. All animals had a patent ductus on d
6 (the day of planned ductus ligation). There were no differences
between the two groups in birth weight (CONTROL � 402 �
44 g; LIGATION � 418 � 29 g), sex (% male: CONTROL �
58%; LIGATION � 71%), gestation (CONTROL � 125 � 1 d;
LIGATION � 125 � 1 d), or in any of the measured parameters
before the time of planned ductus ligation (d 6; see later).
Before ductus ligation, both groups had similar systemic blood

pressures and similar degrees of left-to-right PDA shunt (as
reflected by the pulmonary-to-systemic blood flow ratios (13)).
The ductus in the CONTROL group stayed open throughout the
14-d experiment; the average pulmonary-to-systemic blood flow
ratio (Qp/Qs) for the CONTROL group from d 7 through 13 was
1.9 � 0.7. In contrast, after the ligation, the Qp/Qs ratio for the
LIGATION group was 1.0 � 0.1 (p � 0.05). Animals in the
LIGATION group had significantly higher mean systemic blood
pressures at all times after the ligation (average mean blood
pressure from d 7 through 13 was 38 � 4 mm Hg CONTROL
and 42 � 4 mm Hg LIGATION). There were no differences in
the fluid intake and urine output between the two groups nor were
there differences between the two groups in base deficit, serum
bicarbonate, or need for dopamine/dobutamine administration
during the 14 d treatment course (13). Similarly, there were no
differences in ventilation index, dynamic compliance, or oxygen-
ation index between the two groups, during both the preoperative
and postoperative periods (13).
Premature birth and mechanical ventilation altered gene ex-

pression in the newborn lung. Compared with nonventilated
premature fetuses, the CONTROL premature newborns had al-
tered mRNA expression of genes involved with inflammation,
epithelial water reabsorption, surfactant production, lung remod-
eling, and vascular growth and contractility (Table 1). Several
genes increased their expression after premature birth (CD14,
cyclooxygenase 2, TNF-�, alpha-ENaC epithelial sodium chan-
nel, and surfactant protein B), whereas others (IL-6 and most of
the genes involved with vascular growth and lung remodeling)
had decreased expression after preterm birth (Table 1).
At the time of necropsy, 8 d after the ductus ligation, gene

expression in the right middle lobe of the animals that underwent
PDA ligation was significantly altered compared with the right
middle lobe of unoperated newborn CONTROLS. There was a
significant increase in the expression of genes involved with
inflammation (CD14, cyclooxygenase 2, and TNF-�) and a de-
crease in the expression of the gene involved with lung water
reabsorption (alpha-ENaC) in the LIGATION group (Table 2).

DISCUSSION

BPD is characterized primarily by impaired alveolar and
vascular growth (25,40). After ibuprofen-induced ductus clo-
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sure, premature baboons have improved pulmonary mechanics
and increased alveolar surface area compared with premature
baboons with a persistent PDA (9). It has been hypothesized
that the decreased need for mechanical ventilation may con-
tribute to the improved alveolarization that occurs after phar-
macologic PDA closure (28,41). In contrast, baboons that
have their PDA closed by surgical ligation show no signs of
improved pulmonary mechanics (see Results) or increased
alveolar growth (13,27). We hypothesized that the trauma of
PDA surgery may have obscured the potential benefits of PDA
closure on postnatal lung mechanics and development.
Alterations in the production of proinflammatory cytokines/

chemokines and mediators of parenchymal and vascular remod-
eling have been associated with the development of BPD. Pre-
mature delivery and mechanical ventilation are known to alter the
expression of inflammatory mediators in both human and baboon
lungs (9,28–35). Compared with nonventilated fetuses, we found
that premature newborn baboons have both decreased expression
of genes involved with new vessel growth and lung remodeling
and increased expression of genes involved with pulmonary
inflammation (Table 1). Similar changes have been observed
previously in other studies using premature newborn baboons
(9,42–44). These findings are consistent with other studies that

suggest that disruption of angiogenesis may play a significant
role in impaired alveolarization (45).
The novel findings in the current study relate to the effects of

surgical PDA ligation on pulmonary gene expression. We found
that, in contrast to no intervention (leaving the ductus patent),
surgical PDA closure increased the expression of several inflam-
matory mediators (COX-2, TNF-�, and cells expressing CD14)
and decreased the expression of several genes involved in angio-
genesis (angiopoietin-2 and TGF beta 3) (46). Surgical PDA
closure also decreased the expression of pulmonary alpha-ENaC
containing channels (which are involved in transepithelial so-
dium transport). It should be noted that the changes we observed
were in lung tissue taken from the side opposite to the ligation,
more than a week after the surgery.
Clearance of fluid from alveolar airspaces requires the pres-

ence of amiloride-sensitive alpha-ENaC channels (47). In con-
trast with full-term newborn baboons, preterm baboons have
diminished expression of alpha-ENaC channels and slow rates of
fluid clearance from their lungs (9). The improvement in pulmo-
nary mechanics that follows pharmacologic closure of the PDA
(with ibuprofen or indomethacin) is associated with increased
pulmonary expression of the alpha-ENaC channels and increased
lung water clearance (9). The effects of ibuprofen and indometh-

Table 1. Real-time PCR measurements of RNA expressed by preterm fetal and preterm neonatal lung (right middle lobe)

Gene

Preterm fetus (140 d
gestation) � CT
(MDH � gene)

Preterm newborn (14 d
no ligation) � CT
(MDH � gene)

Comparison Preterm newborn
vs preterm fetus p � 0.05Mean SD Mean SD

Inflammation
CD14 �3.113 0.264 �2.358 0.427 �

COX-2 �6.742 0.406 �5.429 0.551 �

IL-6 �5.042 0.499 �6.981 1.002 �

IL-8 �4.190 0.614 �4.352 0.698 —
TNF-� �9.899 0.429 �7.983 0.795 �

Epithelial water reabsorption
Alpha-ENaC �3.421 0.311 �2.161 0.533 �

Vascular growth and contractility
ANGPT2/angiopoietin-2 �5.184 0.594 �6.987 0.497 �

eNOS �4.683 0.261 �6.183 0.450 �

ETA receptor 0.322 0.162 �0.756 0.385 �

CDH5/VE-cadherin 0.004 0.140 �0.748 0.367 �

VEGF 1.243 0.159 �0.370 0.376 �

VEGFR1/FLT-1 �1.070 0.281 �2.810 0.415 �

VEGFR2/KDR 0.271 0.251 �0.917 0.428 �

HAS-2 �6.388 1.082 �7.857 1.703 �

HIF2 alpha 2.324 0.255 1.920 0.412 �

MMP-9 �3.180 0.725 �4.461 0.579 �

RHAMM �5.886 0.331 �5.147 0.558 �

TGFbeta1 �2.580 0.224 �2.760 0.450 —
TGFbeta3 �1.847 0.256 �2.707 0.324 �

Surfactant
SP-B 4.291 0.179 5.865 0.372 �

Right middle lobe lung tissue was obtained from preterm newborn baboons that were delivered at 125 � 1 d gestation (full term � 185 d) and mechanically
ventilated for 14 d (preterm newborn, 14-d-old, no ligation group). Lung tissue was also obtained from preterm 140 d gestation fetuses (preterm fetus, 140 d
gestation) that had remained in utero for the equivalent 14-d-old newborn experimental period (from 125 to 140 d).

�CT represents the difference in cycle threshold (CT) between the expression of the housekeeping gene malate dehydrogenase (MDH) and the gene of interest.
Each unit of �CT represents a 2-fold change in a gene’s mRNA. The more negative the �CT, the fewer the number of starting copies of a gene (mRNA). Number
of separate animals used: preterm fetus (140 d gestation; no antenatal betamethasone; n � 11) and preterm newborn (14-d-old/no ligation; n � 12). Preterm
newborn vs preterm fetus: right middle lobes from 14-d-old newborns (whose PDA was not ligated) were compared with right middle lobes from fetuses that
remained in utero until 140 d gestation. � p � 0.05, newborn right middle lobe �CT was significantly greater than fetal right middle lobe �CT; � p � 0.05,
�CT was significantly less; –p � 0.05, was not significantly different.
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acin on alpha-ENaC expression seem to be because of their
inhibition of cyclooxygenase activity, rather than their effect on
ductus closure (9). We speculate that the increased expression of
cyclooxygenase 2, which follows PDA ligation (Table 2), may
account for the decreased expression of alpha-ENaC in the lungs
of ligated animals (Table 2). We also speculate that reduced
expression of pulmonary alpha-ENaC channels may decrease the
rate of fluid movement out of the alveolar compartment and
contribute to the lack of improvement in pulmonary mechanics
after surgical PDA closure. Unfortunately, the lungs of the ligated
animals were not harvested at the time of necropsy in a manner
that would allow us to examine them for changes in lung water
content or distribution.
Our study has several other limitations. We were limited in the

number of control groups we could study because of the expense
and need to restrict the use of this precious animal model. Having
a control group that received a thoracotomy, without a PDA
ligation, could have helped to identify which aspect of the
surgery leads to altered pulmonary gene expression. Similarly,
because surgical closure in the NICU often follows failure of
medical treatment, having a control group that received a thora-
cotomy after treatment with indomethacin, could have identified
whether the use of indomethacin before ligation would amelio-
rate the “detrimental” effects of the surgical ligation in this animal
model.
In conclusion, our findings are consistent with the limited

amount of data available from clinical studies. There is little

evidence to suggest that surgical ductus closure prevents the
evolution of BPD (15–17,22,23). We speculate that the persistent
alterations in inflammatory mediators and alpha-ENaC channels
(that we observed with ligation) may account for the lack of
improvement in pulmonary mechanics and BPD (13) after sur-
gical closure.
In addition to the changes we observed, ductus ligation has

also been associated with several other significant morbidities:
thoracotomy, postoperative myocardial dysfunction (48), hypo-
tension (18), pneumothorax, chylothorax, infection, and vocal
cord paralysis (10,18). In sum, ductus ligation, while eliminating
one potential cause for neonatal morbidity, may introduce an-
other set of problems. We suggest that both the desired and
achievable goals of ductus ligation be carefully evaluated before
committing infants to early or routine surgical closure.

Acknowledgments. We thank the personnel at the BPD
Resource Centre for their help in the care of the animals and
the University of Texas Health Science Center San Antonio
pathology staff who performed the necropsies and obtained the
tissues. We also thank Vickie Winter, who has skillfully
managed to categorize and keep track of all the tissue samples
and animal data over the years and Dr. Jackie Coalson, who
provided invaluable leadership, guidance, and scientific over-
sight for the BPD Resource Center and with whom we have
had many thought-provoking discussions.

Table 2. Real-time PCR measurements of RNA expressed by right middle lobe from LIGATION and CONTROL preterm newborn animals

Gene

Newborn 14 d no ligation
� CT(MDH � gene)

Newborn 14 d ligation
� CT (MDH � gene)

Comparison
Newborn-ligation vs
newborn-no ligation

p � 0.05Mean SD Mean SD

Inflammation
CD14 �2.358 0.427 �1.776 0.176 �

COX-2 �5.429 0.551 �4.561 0.474 �

IL-6 �6.981 1.002 �6.376 0.599 —
IL-8 �4.352 0.698 �4.298 0.262 —
TNF-� �7.983 0.795 �7.457 0.593 �

Epithelial water reabsorption
Alpha-ENaC �2.161 0.533 �2.533 0.079 �

Vascular growth and contractility
ANGPT2/angiopoietin-2 �6.987 0.497 �7.465 0.362 �

eNOS �6.183 0.450 �6.173 0.261 —
ETA receptor �0.756 0.385 �0.876 0.156 —
CDH5/VE-cadherin �0.748 0.367 �0.933 0.154 —
VEGF �0.370 0.376 �0.607 0.295 —
VEGFR1/FLT-1 �2.810 0.415 �3.113 0.253 —
VEGFR2/KDR �0.917 0.428 �0.929 0.250 —

Remodeling
HAS-2 �7.857 1.703 �7.109 1.430 �

HIF2 alpha 1.920 0.412 2.092 0.196 —
MMP-9 �4.461 0.579 �4.105 0.336 —
RHAMM �5.147 0.558 �5.289 0.391 —
TGFbeta1 �2.760 0.450 �2.996 0.072 —
TGFbeta3 �2.707 0.324 �3.125 0.374 �

Surfactant
SP-B 5.865 0.372 5.895 0.210 —

See legend to Table 1 for explanation of �CT. The more negative the �CT, the fewer the number of starting copies of a gene (mRNA). Number of separate
animals used: CONTROL (newborn 14-d–old no ligation; n � 12); LIGATION (newborn 14–d-old ligation; n � 7). Newborn ligation vs newborn no ligation:
right middle lobes from 14-d-old newborns (whose PDA were ligated) were compared with right middle lobes from newborns (whose PDA were not ligated).
� p � 0.05, LIGATION right middle lobe �CT was significantly greater than CONTROL right middle lobe �CT; � p � 0.05, �CT was significantly less;
–p � 0.05, was not significantly different.
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