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Background: Tandem mass spectrometry has been 
proposed as a method of diagnosing or predicting the 
development of common complex neonatal diseases. Our 
objective was to identify metabolites associated with common 
complications of prematurity.
Methods: We performed a retrospective analysis of medi-
cal data and metabolite measurements from routine neo-
natal screening on 689 preterm (<37 wk of gestational age) 
neonates.
Results: We observed higher levels of phenylalanine (PHE) in 
infants with respiratory distress syndrome (RDS; P = 1.7 × 10−5), 
the only association that was significant after correction for 
multiple testing. We found suggestive significance (P < 0.001) 
of higher essential amino acids in infants with patent ductus 
arteriosus (PDA). Functionality of these findings was explored 
in the ductus arteriosus (DA) isolated from term and preterm 
mouse pups. None of the amino acids had a direct vasodilatory 
effect on the isolated DA.
Conclusion: We found that newborns with RDS had higher 
levels of PHE that may be a result of impaired PHE hydroxylase 
activity. We also detected marginally higher levels of all mea-
sured essential amino acids in infants with PDA. We did not 
find dilation of the mouse ductus for these metabolites, indi-
cating that instead of potentially causing PDA, they are prob-
ably serving as markers of catabolism.

Comprehensive metabolic profiling at birth is a critical pub-
lic health program nationally, as well as internationally, to 

detect rare congenital conditions that, if identified early, can 
be treated. If left untreated, these disorders can cause lifelong 
morbidities or death. In addition to state-mandated newborn 
screening, longitudinal metabolic profiling with high-through-
put methods such as tandem mass spectrometry may prove 
critical for monitoring, diagnosing, and treating conditions as 
they develop in the neonatal intensive care unit (1–3). Although 
several metabolites are currently used for routine monitoring 
of overall health in the neonatal intensive care unit, including 
glucose, blood gas values, and electrolytes, the measurement 
of analytes with high-throughput methods used in newborn 
screening programs, such as tandem mass spectrometry, has 

not yet been implemented for monitoring preterm infant health 
or potential risk for common complex diseases.

Preterm and/or sick neonates are known to have distinct 
metabolic profiles, often defined by amino acid and acyl-
carnitine measurements, as compared with their term and/
or healthy counterparts (4,5). Although stress and immature 
liver and kidney function may explain some of the observed 
metabolic differences, there are probably many other factors 
contributing to an infant’s metabolism at birth, including fetal 
and maternal influences, perinatal events, and genetic back-
ground. Gestational age and birth weight are known contribu-
tors to variation in metabolic profiles; however, few studies 
have examined specific conditions that often accompany low 
birth weight and early gestational age (3,6–9). A few studies 
have applied nuclear magnetic resonance spectroscopy analy-
sis of urine to examine neonates with patent ductus arteriosus 
(PDA), intrauterine growth restriction, or asphyxiation, and 
children with neuropathies (3,6–9). This technique offers a 
promising approach for distinguishing patterns of metabolites 
altered in specific neonatal diseases and conditions.

State-wide neonatal screening is generally performed from 
dried blood spots collected 1–3 d after birth. Many metab-
olites are identified through expanded newborn screening 
using tandem mass spectrometry. To our knowledge, no 
study has used these values to examine associations with 
complications commonly associated with prematurity. 
Our objective was to determine whether metabolites from 
routine newborn screening are associated with common 
diseases of prematurity and could therefore be potential 
biomarkers or therapeutic targets for critical illnesses in the 
neonatal intensive care unit. We examined metabolite mea-
surements from routine newborn screening in 689 preterm 
(<37 wk gestation) newborns to identify metabolite associa-
tions with common complications of prematurity, including 
PDA, respiratory distress syndrome (RDS), and necrotizing 
enterocolitis. We followed up metabolic findings with PDA 
using a previously established mouse model to test ductus 
arteriosus (DA) contractility. There are several different 
knockout mouse models that have PDA; each has respira-
tory distress, pulmonary congestion, and possible fatality if a 
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large PDA cannot be treated or rescued. We tested the vaso-
dilatory effects of candidate metabolites on the mouse DA 
to estimate the functionality of our metabolic associations.

RESULTS
The metabolites examined are presented in Table 1, and demo-
graphic characteristics of the cohort are described in Table 2. 
Associations with demographic and clinical factors were exam-
ined for each metabolite after adjustment for gestational age, 
birth weight, year of sample collection, and change in the assay 
during the study period. Increased concentrations of free car-
nitine (C0) and multiple acylcarnitines (acetylcarnitine (C2), 
methylmalonylcarnitine (C4-DC), tetradecanoylcarnitine 
(C14), and lindeoylcarnitine (C18:2)) were observed in males 
as compared with females (Table 3). Several other acylcarni-
tines were either higher (methylglutarylcarnitine (C6-DC): 
P = 8.5 × 10−7, dodecanoylcarnitine (C12): P = 6.2 × 10−8, and 
3-hydroxyleoylcarnitine (C18:2-OH): P = 2.0 × 10−9) or lower 
(C4-DC: P = 1.5 × 10−5) in births taking place in the summer 

months (Figure 1). In addition, 3-hydroxyisovalerylcarnitine 
(C5-OH) (P = 3.2 × 10−7) was lower in twin as compared with 
singleton births, and C18:2 (P = 2.4 × 10−5) increased with 
increasing age at time of sample collection (Figure 1).

Figure 2 illustrates metabolite associations with compli-
cations of prematurity including RDS, PDA, and necrotiz-
ing enterocolitis. Phenylalanine (PHE) was significantly (P = 
1.7 × 10−5) increased in infants with RDS as compared with 
controls, and this was the only complication of prematurity to 
have an association that remained significant after correction 
for multiple testing (Table 4). Additional adjustment for pre-
natal steroids did not alter the significance of this result (P = 

Table 1.  List of analytes examined

Amino acids (μmol/l) Acylcarnitines (μmol/l)

Alanine Hexanoylcarnitine

Arginine Methylglutarylcarnitine

Argininosuccinatea Octanoylcarnitine

Citrulline Octenoylcarnitine

Glutamate Suberylcarnitineb

Glycineb Decanoylcarnitine

Leucine Decenoylcarnitine

Methionine Decadienoylcarnitineb

Ornithineb Dihydrosebacylcarnitineb

5-Oxoprolineb Dodecanoylcarnitine

Phenylalanine Dodecenoylcarnitine

Tyrosine Tetradecanoylcarnitine

Valine Tetradecenoylcarnitine

Acylcarnitines (μmol/l) Tetradecadienoylcarnitine

  Free carnitine 3-Hydroxytetradecanoylcarnitinea

  Acetylcarnitine Palmitoylcarnitine

  Propionylcarnitine Palmitoleylcarnitine

  Malonylcarnitine 3-Hydroxypalmitoleylcarnitinea

 � Butyrylcarnitine + 
isobutyrylcarnitine

3-Hydroxypalmitoylcarnitinea

  Methylmalonylcarnitine Stearoylcarnitine

  3-Hydroxybutyrylcarnitineb Oleoylcarnitine

 � Isovalerylcarnitine + 
methylbutyrylcarnitine

3-Hydroxyoleoylcarnitinea

  Tiglylcarnitinea Linoleoylcarnitine

  Glutarylcarnitine 3-Hydroxylinoleoylcarnitineb

  3-Hydroxyisovalerylcarnitine 3-Hydroxystearoylcarnitinea

aResults are not presented for these metabolites that had low variability (SD ≤0.01 
μmol/l). bMetabolites added or dropped from the tandem mass spectrometry panel 
within the collection period.

Table 2.  Demographic characteristics

Variable
Mean ± SD  

or n (%)
Number of 

observations % Missing

Gestational age (wk) 31.3 ± 3.3 688 0.1

Birth weight (g) 1,767 ± 719 689 0.0

Infant gender (male) 380 (55.2%) 689 0.0

Infant race (Caucasian) 592 (87.8) 674 2.2

Twin/multiple 130 (18.9%) 689 0.0

Season of birth 689 0.0

 � Winter (December to 
February)

197 (28.6%)

  Spring (March to May) 141 (20.5%)

 � Summer (June to 
August)

164 (23.8%)

 � Fall (September to 
November)

187 (27.1%)

Age (h) at the time of 
sample collection

29.3 ± 6.9 689 0.0

APGAR score at 1 min 6.2 ± 2.1 681 1.2

APGAR score at 5 min 7.9 ± 1.3 682 1.0

Highest total bilirubin 
(mg/dl)

9.5 ± 3.1 646 6.2

Respiratory distress 
syndrome

364 (60.6%) 601 12.8

Patent ductus arteriosus 133 (19.9%) 669 2.9

Necrotizing enterocolitis 12 (2.0%) 611 11.3

Congenital anomaly 50 (7.3%) 689 0.0

The number of observations represents the total number of individuals with 
nonmissing data for a given variable.

Table 3.  Metabolite associations with gender

Female  
(n = 309)

Male  
(n = 380) P value

Free carnitine 22.7 ± 9.8 26.5 ± 10.6 3.2 × 10−10

Acetylcarnitine 24.3 ± 10.7 28.3 ± 11.5 1.4 × 10−8

Methylmalonylcarnitine 0.10 ± 0.05 0.12 ± 0.06 6.4 × 10−6

Tetradecanoylcarnitine 0.21 ± 0.08 0.24 ± 0.09 1.6 × 10−6

Linoleoylcarnitine 0.23 ± 0.17 0.26 ± 0.17 3.5 × 10−5

Means and SD in μmol/l units. ANOVA model adjusted for major assay change, year of 
sample collection, and adjustment for birth weight and gestational age.
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2.1 × 10−5). This association remained when examining infants 
born at <32 wk gestation (P = 0.03).

Although not significant after correction for multiple testing, it 
is notable that multiple essential amino acids were of suggestive 
significance (P ≤ 1.0 × 10−3). Specifically, leucine (LEU), methio-
nine (MET), PHE, and valine (VAL) were higher in infants with 
PDA (Figure 2 and Table 4) as compared with those without. 
C6-DC was higher in infants with PDA (P = 7.8 × 10−4) and in 
infants born in summer. Including both covariates in the same 
model with C6-DC (and adjusting for birth weight, gestational 
age, year of collection, and change in the assay during the study 
period) did not decrease the significance of the association 
between C6-DC and PDA (P = 5.6 × 10−3). Although 15.0% of 
the infants with PDA received total parenteral nutrition before 
the newborn screen, excluding these individuals (n = 67) from 
the analysis did not alter the significance of the results (Table 4). 
Results also remained significant when examining only infants 
born at <32 wk gestation. We further followed associations 

with essential amino acids and PDA with functional studies in 
the mouse. The vascular response to l-VAL, l-MET, l-PHE, 
and l-LEU was examined in the isolated term or preterm DA. 
Exposure to cumulative doses of each compound failed to pro-
duce a significant change in ductal tone (Figure 3).

DISCUSSION
Recently, measuring the metabolic profile in urine has been 
proposed as a method for monitoring progression of diseases 
that often develop in newborns born preterm (4). We identified 
specific complications of prematurity associated with essential 
amino acid levels. Specifically, newborns with RDS had higher 
levels of PHE as compared with controls. Higher PHE concen-
trations have also been observed in adult patients with respira-
tory distress (10,11). PHE could also be increased in response 
to impaired PHE hydroxylase activity. It has been hypothesized 
that oxidative stress as a result of inflammation can deplete 
5,6,7,8-tetrahydrobiopterin, a cofactor for this enzyme (12).

Figure 1.  Metabolite associations with infant demographics. 
Associations are represented by the negative logarithm of the P value, 
with the solid line representing age at time of sample collection, the 
dashed line representing season of birth, and the dotted line represent-
ing twin or multiple gestations. The first horizontal gray solid line, at 
−log (P) = 3, represents a P value of ≤0.001, and the second horizontal 
gray solid line, at −log (P) = 4.3, represents a Bonferroni corrected sig-
nificance threshold of P ≤ 5 × 10−5.
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Figure 2.  Metabolite associations with complications of prematurity. 
Associations are represented by the negative logarithm of the P value, 
with the solid line representing respiratory distress syndrome, the dashed 
line representing patent ductus arteriosus, and the dotted line represent-
ing necrotizing enterocolitis. The first horizontal gray solid line, at −log 
(P) = 3, represents a P value of ≤0.001, and the second horizontal gray 
solid line, at − log (P) = 4.3, represents a Bonferroni corrected significance 
threshold of P ≤ 5 × 10−5.
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Table 4.  Metabolite associations with complications of prematurity

RDS No (N = 237) Yes (N = 364) Model 1, P valuea Model 2, P valueb Model 3, P valuec

Phenylalanine 61.6 ± 18.7 72.6 ± 29.9 1.7 × 10−5 4.1 × 10−4 0.03

PDA No (N = 536) Yes (N = 133)

Leucine 127.0 ± 91.9 159.1 ± 55.7 1.0 × 10−3 2.7 × 10−3 0.01

Methionine 25.8 ± 20.5 33.1 ± 17.9 1.2 × 10−3 0.02 0.02

Phenylalanine 66.7 ± 30.4 77.0 ± 20.8 4.7 × 10−4 1.2 × 10−3 9.3 × 10−4

Valine 93.6 ± 53.7 123.2 ± 48.8 3.2 × 10−4 1.0 × 10−3 8.3 × 10−3

Methylglutarylcarnitine 0.03 ± 0.04 0.05 ± 0.09 7.8 × 10−4 6.1 × 10−3 0.02

Means and SD in μmol/l units.

PDA, patent ductus arteriosus; RDS, respiratory distress syndrome; TPN, total parenteral nutrition.
aANOVA model adjusted for major assay change, year of sample collection, and adjustment for birth weight and gestational age. bANOVA model adjusted for major assay change, year 
of sample collection, and adjustment for birth weight and gestational age and excluding infants on TPN, twins, and infants with congenital anomalies. cANOVA model adjusted for 
major assay change, year of sample collection, birth weight, and gestational age in infants ≤32 wk gestation.
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Although not significant after correction for multiple testing, 
we detected marginally higher levels of all measured essential 
amino acids (total LEU, MET, PHE, and VAL) in infants with 
PDA. Branched-chain amino acids, which include LEU, iso-
leucine, and VAL, are generated through catabolism and extra-
hepatic tissues, including cardiac muscle (13). We did not find 
dilation of the mouse ductus for these metabolites, indicating 
that instead of potentially causing PDA, they are probably serv-
ing as markers of catabolism, which is heightened in neonates 
in whom the patent ductus is failing to close. This result is 
intriguing because recent reports have suggested that persistent 
patency of the DA at 3–4 d of life can be predicted using the 
first urine passed by preterm neonates (9). Although the study 
does not reveal the specific metabolites associated with the pre-
diction, it asserts not only that using a metabolomics approach 
can predict PDA but also that it can distinguish the responders 
from the nonresponders to ibuprofen therapy (9). Because our 
dried blood spot samples are taken at 1–3 d of life, right before 
the identification of persistent patency of the ductus, we may 
be detecting the distinguishing metabolic patterns that are also 
observed in urine samples.

A neonate’s metabolism continues to evolve after birth 
and is influenced by a host of factors, including maternal 
metabolism, nutrition, toxicological insults, perinatal events, 
and genetic background. Consistent with previous reports, 
we identified strong associations between the majority of 
measured metabolites and gestational age and birth weight 
(4,5,14). Specifically, amino acids increased and medium- and 
long-chain acylcarnitines decreased with decreasing gesta-
tional age and birth weight. Likely explanations for these dif-
ferences are immature liver, kidney, and adrenal function. In 
addition, we found significantly lower acylcarnitine levels in 
females as compared with males. Several studies have shown 
that in adults, total carnitine is lower in females as compared 
with males (15–17). A possible explanation relates to estradiol 
levels, which have been shown to have an inverse relationship 

with plasma carnitine concentrations in rats (18). Our asso-
ciations with the complications of prematurity were indepen-
dent of potential confounders, including gestational age, birth 
weight, and gender.

Our study was retrospective in nature, and therefore we 
are not able to adequately capture or account for all potential 
confounding influences. In addition, we received only a snap-
shot of a selected group of metabolites at one time point after 
birth. To better assess the metabolites that we have identified 
as potential biomarkers for complications of prematurity, we 
would need longitudinal samples collected throughout the 
course of the condition. This was a retrospective examination 
of data, and several of the variables included in our analysis 
had a large amount of missing data points; therefore, those 
results would need to be interpreted with caution. One limita-
tion of our experimental model is that the mouse DA closes 
more rapidly after birth than the human DA; however, in rela-
tive terms, the closure rate is similar. In addition, although pre-
maturely born mice cannot survive outside the womb, studies 
on the preterm fetal DA can be performed in vitro, to deter-
mine the response to vasoactive stimuli. Although human 
DA tissues would be ideal, they have limited availability and 
viability; therefore, the mouse model of DA can serve as a sur-
rogate for the functional assessment of human data. Our data 
show that neonatal essential amino acids, as measured through 
routine newborn screening, are elevated in certain complica-
tions that accompany preterm birth, including RDS and PDA. 
These metabolites are potential biomarkers for the presence 
and severity of several complications of prematurity.

METHODS
Study Population
This is a retrospective analysis of data collected between 2001 and 
2009 as part of a prospective cohort for studying the epidemiology 
and genetics of preterm birth (19,20). Study samples were collected at 
the University of Iowa Children’s Hospital in Iowa City after approval 
by the University of Iowa Institutional Review Board (IRB200506792). 
Signed informed consent was obtained from all families for 
enrollment. Gestational age and birth weight were obtained from 
the medical record. A total of 689 preterm infants were included for 
analysis. Infants were included in data analysis if they were born pre-
term (delivery at 23 wk and 0 d through 36 wk and 6 d gestation), had 
not received a blood transfusion at the time of sample collection, and 
had their sample collected between 24 and 72 h after birth. Existing 
data, collected by medical chart review, was evaluated for 22 medi-
cal and demographic factors; completeness of the data varied across 
subjects. Although exploratory analysis was performed for all exam-
ined variables and correction for multiple testing accounts for all tests 
performed, we do not present data on the following variables because 
they did not show relevant associations and had a large percentage of 
missing data (shown in parentheses): length at birth (30.9%), occipital 
frontal circumference (29.0%), feeding method at time of newborn 
screen (20.8%), highest direct bilirubin (70.4%), hemoglobin at birth 
(52.1%), bronchopulmonary dysplasia (30.6%), intraventricular hem-
orrhage (37.9%), periventricular leukomalacia (21.6%), retinopathy 
of prematurity (30.2%), and sepsis (62.0%).

Diagnosis of Complications of Prematurity
All infants born at <28 wk gestational age were examined by a pedi-
atric cardiologist using echocardiography between days 5 and 7 of 
life, regardless of symptoms. Infants born at ≥28 weeks gestation 
were examined by echocardiography between days 5 and 7 of life if 

Figure 3.  Response of the isolated murine ductus arteriosus to phenyl-
alanine. Representative tracing of a term gestation mouse ductus that 
was mounted in a pressure myography chamber under deoxygenated 
conditions. Submaximal constriction of the ductus lumen diameter by 
oxygen was not overcome by exposure to increasing concentrations of 
phenylalanine (10−9 to 10−3 mol/l). By contrast, exposure to the nitric oxide 
donor sodium nitroprusside (10−5 mol/l) produced marked dilation and 
return to resting baseline dimensions. Terminal exposure to 50 mmol/l 
KCl confirmed responsiveness of the preparation at the completion of the 
study. Vertical lines represent 10-min intervals. Arrowheads indicate serial 
10-fold increases in phenylalanine concentration in the perfusion bath.
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a murmur suggestive of a PDA was present. Any preterm infant was 
examined using echocardiography if he or she had symptoms of con-
gestive heart failure. PDA was diagnosed if flow was detected through 
the DA. No infant received prophylactic indomethacin (i.e., in the 
first 2 d of life). RDS was defined radiologically in combination with 
the requirement of supplemental oxygen for 2 h or more. Surfactant 
was not administered as prophylaxis, but if treatment was needed, it 
occurred within the first hour after birth. Necrotizing enterocolitis 
was described using the modified Bell staging criteria (21). A stage 
of 2a or greater was considered positive for necrotizing enterocolitis.

Tandem Mass Spectrometry Data
Data on analyte measurements were provided by the State of Iowa 
Hygienic Laboratory and linked to the clinical medical record data. 
Approval for use of the data provided by the State of Iowa Hygienic 
Laboratory was granted by the Iowa Department of Public Health. 
Newborn dried blood spot specimens are collected, dried, and 
handled according to the Clinical Laboratory Standards Institute 
guideline (22). Screening procedures in Iowa are based on previously 
established methodology (23–25). Briefly, a derivatization method 
is used in which butyl esters of acylcarnitines and amino acids are 
prepared from the extracts. Tandem mass spectrometry is performed 
with Waters Quattro Micro triple quadrupole tandem mass spectrom-
eters (Milford, MA) equipped with an electrospray ionization source 
operated in the positive-ion mode. Multiple reaction–monitoring 
mode is used to scan for specific mass ion intensities. Concentrations 
are obtained from the ratio of ion intensity (counts per second) at the 
mass that represents a specific analyte as compared with its isotopi-
cally labeled internal standard and correcting for blood volume in a 
1/8-inch dried blood spot punch. Both internal and external spiked 
control specimens, a normal control specimen, and a blank are ana-
lyzed with each batch of specimens. The external spiked control speci-
mens are obtained from the Newborn Screening Quality Assurance 
Program at the US Centers for Disease Control and Prevention. Data 
were provided on 13 amino acids and 36 acylcarnitines (Table 1).

Statistical Analysis
Statistical modeling techniques were applied to identify maternal fac-
tors and conditions that may significantly influence neonatal meta-
bolic profiles. All metabolites were transformed with the Box–Cox 
transformation to normalize each distribution. Multiple statistical 
modeling methods were compared, and few differences were identi-
fied; therefore, ANOVA was performed adjusting for year of sample 
collection, assay lot changes, gestational age, and birth weight. The 
significance of our results was not greatly affected when includ-
ing only gestational age, only birth weight, or both covariates in the 
model. Standardized residuals were examined for outliers, and mea-
surements that were <−3.5 or >3.5 SDs from the mean were removed. 
Analysis included 924 ANOVA models (22 clinical variables × 42 ana-
lyte and ratio measurements), and a Bonferonni significance thresh-
old of P < 5 × 10−5 was used to correct for multiple testing. All analyses 
were performed with Stata, version 12.0 (Stata, College Station, TX). 
Eighteen infants were identified as having an abnormal tandem mass 
spectrometry test result on the first screen after birth, of whom 17 
had a normal repeat screen and thus were interpreted as false-positive 
results; one infant with a positive screen was diagnosed with medium-
chain acylcarnitine–CoA dehydrogenase deficiency. None of the sig-
nificantly associated factors increased the false-positive rate for the 
expanded newborn screening panels.

Functional Studies in the Mouse
Adult female CD1 mice (Charles River, Raleigh, NC) were bred to 
produce timed pregnancies. Dams were anesthetized by intraperi-
toneal injection of 0.4 ml of 2.5% avertin (2,2,2-tribromoethanol in 
tert-amyl alcohol; Sigma-Aldrich, St. Louis, MO), followed by iso-
flurane inhalation (Baxter, Deerfield, IL) to facilitate fetal anesthesia. 
Pregnant dams were euthanized by cervical dislocation, and offspring 
were delivered by uterine incision. Experiments were conducted in 
accordance with US National Institutes of Health animal care stan-
dards and were approved by the institutional animal care and use 

committee at Vanderbilt University. l-VAL, l-MET, l-PHE, and l-
LEU (Sigma-Aldrich) were prepared as concentrated stock solutions 
in aqueous buffer. Final solvent concentration was limited to 0.01% 
and was not expected to alter ex vivo study results (26).

Response of the isolated DA was examined by pressurized vessel 
myography, as previously described (26). Briefly, anesthetized fetal 
mouse pups were delivered at term (day 19) and preterm (day 17) ges-
tation by cesarean section and immediately placed in ice-cold modified 
Krebs buffer that had been gassed with a 5% CO2/95% nitrogen mix 
(deoxy Krebs) to maintain stable pH and mimic in utero O2 conditions. 
The DA, along with a portion of the transverse aorta, and the pulmo-
nary arteries were then dissected free while submerged in cold deoxy 
Krebs, to maintain ductus relaxation. The ductus was then mounted on 
glass cannulae (150–170 µm) in a custom-made chamber designed for 
pressure myography (Instrumentation and Model Facility, University 
of Vermont, Burlington, VT) and secured with single-stranded nylon 
sutures derived from a larger braid. The chamber was then placed on 
an inverted microscope where continuous measurements of the inter-
nal diameter and distending pressure were made (100×) (IonOptix, 
Milton, MA). Pressure was applied to the proximal inlet of the secured 
vessel using an elevated column of Krebs buffer and measured using 
a calibrated manometer (Living Systems Instrumentation, Burlington, 
VT). The ductus was superfused (6 ml/min) with Krebs solution at 
36.5–37.5 °C. After an equilibration period of ~40 min at 37 °C and 
5 mm Hg of pressure, a stepwise elevation of pressure was applied, up 
to a working pressure of 20 mm Hg. The isolated ductus was subse-
quently challenged with two consecutive doses of 50 mmol/l KCl to 
verify contractility. Poorly responsive vessels were discarded.

Drug studies, testing 4–5 vessels per compound, were conducted 
in a continuously recycling circuit with a total volume of 20 ml. After 
equilibration, the Krebs buffer was aerated with 12% O2 to mimic 
newborn oxygen conditions, which resulted in submaximal constric-
tion of the vessel (preconstriction). Activity of the DA after each dose 
was monitored for 20 min or until stable. After the complete series of 
cumulative doses (10−9 to 10−3 mol/l), the vessel was exposed to the 
nitric oxide donor sodium nitroprusside (10−5 mol/l) to document the 
capacity for vasodilation. Subsequently, exposure to 50 mmol/l KCl 
was used to determine viability of the preparation at the end of the 
experiment. Ductus preparations were responsive to vasoconstrictive 
stimuli, including KCl and increased oxygen tension. Exposure to the 
nitric oxide donor sodium nitroprusside at the completion of each 
dose–response experiment overcame oxygen-induced preconstric-
tion and produced relaxation to baseline levels of resting tone in all 
experiments. Vessels returned to their original diameter after return 
to the start-up deoxygenated conditions. The strong responses to KCl, 
oxygen, and sodium nitroprusside suggest that a significant contrac-
tile or vasodilatory effect of the study compounds would be detected 
using this approach.
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