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Abstract The high mortality in patients with congenital
diaphragmatic hernia (CDH) has been attributed to
pulmonary hypoplasia and persistent pulmonary
hypertension (PPH). Endothelin-1 (ET-1), nitric oxide
(NO), and calcitonin gene-related peptide (CGRP) have
been reported to be important vasoactive mediators in
the perinatal pulmonary circulation. The exact mecha-
nism by which these vasoactive mediators interact to
regulate the perinatal pulmonary vascular tone in CDH
with PPH is not fully understood. We hypothesized that
the altered pulmonary vascular reactivity in CDH is due
to imbalance in vasoactive mediators. This study was
designed to investigate mRNA expression of ET-1,
eNOS, and CGRP in CDH lung in the perinatal period.
A CDH model was induced in pregnant rats following
administration of nitrofen. In control animals, the same
dose of olive oil was given without nitrofen. Cesarean
section was performed on day 21 of gestation. The
newborn rats were intubated and ventilated, and venti-
lation was continued for 1–6 h. Left lungs were collected
from both groups at 0, 1, and 6 h after ventilation (n=8
in each group). Reverse transcriptase-polymerase chain
reaction on lung tissue was performed to evaluate the
relative level of ET-1, eNOS, and CGRP mRNA
expression. The results showed a significant increase in
ET-1 mRNA in CDH lung at 1 and 6 h after ventilation
compared with controls. In CDH lung, eNOS mRNA
and CGRP mRNA levels were significantly increased at
1 h but were similar to control values at 6 h after ven-
tilation. The increased expression of vasoconstrictor ET-
1 mRNA and vasodilators eNOS mRNA and CGRP
mRNA in the CDH lung at 1 h after ventilation suggests
that pulmonary vascular tone is rapidly changing after
birth. An imbalance in the production of vasoconstric-

tors and vasodilators by the CDH lung may contribute
to high pulmonary vascular resistance.
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Introduction

The mortality rate for newborn infants with congenital
diaphragmatic hernia (CDH) is still high despite signif-
icant advances in neonatal resuscitation and intensive
care [1]. Hypoplastic lung and persistent pulmonary
hypertension (PPH) are the principle causes of the high
morbidity and mortality in infants with CDH. PPH in
the newborn is characterized by elevated pulmonary
vascular resistance resulting in right-to-left shunting
across the foramen ovale and ductus arteriosus with
severe hypoxemia. Studies in experimental models of
PPH have suggested that high pulmonary vascular
resistance is partly due to structural changes in the
pulmonary vasculature and to an imbalance in respon-
siveness to vasodilator and vasoconstrictor stimuli [2–6].

Several vasoactive mediators have been implicated in
the development of pulmonary hypertension in nitrofen-
induced CDH models [7–9]. Endothelin-1 (ET-1), which
is produced by vascular endothelial cells and some leu-
kocytes, is a potent vasoconstrictor and mitogen for
vascular smooth muscle cells [10–14]. Increased ET-1
levels have been noted in and postulated to contribute to
the pathophysiology of pulmonary disease, including
primary pulmonary hypertension, asthma, and inflam-
matory lung disease [15–17]. Nitric oxide (NO) is a
major vasodilator of the cardiovascular system. NO is
synthesized from arginine by NO synthases (NOS). The
endothelial constitutive NOS (eNOS) is the major NOS
isoform expressed in the cardiovascular system. eNOS
expression occurs mainly in vascular endothelium and
plays an important role in regulating vascular tone [18,
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19]. Calcitonin gene-related peptide (CGRP), an active
product of pulmonary endocrine cells, is also a pulmo-
nary vasodilator [20]. A recent study from our labora-
tory demonstrated increased CGRP mRNA and
immunoreactivity in CDH lung in rats [7].

The exact mechanism by which these vasoactive
mediators interact to regulate perinatal pulmonary vas-
cular tone in CDH with PPH is not fully understood. We
hypothesized that the altered pulmonary vascular reac-
tivity in CDH is due to an imbalance in vasoactive
mediators. We therefore designed the present study to
examine mRNA expression of ET-1, eNOS, and CGRP
in the CDH lung compared with the normal lung under
ventilation in the perinatal period.

Materials and methods

Creation of CDH

Adult Sprague-Dawley rats were bred after overnight
controlled matings. Observation of positive smears was
considered proof of pregnancy; the day of observation
was determined day 0. Water and food were supplied ad
libitum. At day 9.5 of pregnancy (term=22 days),
100 mg nitrofen (WAKO Chemical, Osaka, Japan) dis-
solved in olive oil was given as a single dose via a
stomach tube under short anesthesia. In control animals,
the same dose of olive oil was given without nitrofen.
Cesarean section was performed on day 21 of gestation.

Groups

Eight newborn rats in both control andCDHgroups were
sacrificed immediately after birth. These rats formed the
no-ventilation group. Sixteen newborn rats in both con-
trol and CDH groups were intubated and ventilated.
Eight each from the normal andCDHgroupswere the 1-h
ventilation group, and eight each from the normal and
CDH groups made up the 6-h ventilation group.

Intubation and ventilation

A transverse cervical incision was made, and the endo-
tracheal cannula (24-g Teflon catheter) was passed down
the trachea, keeping the circulation via the umbilical
cord from the placenta. The endotracheal cannula was
confirmed to be in the trachea after visualizing through
the cervical incision. After ligation of the umbilical cord,
the intubated animals were immediately transferred to a
warm plate heated to 30�C, and the endotracheal tube
was connected to a modified pressure-cycled ventilator
(Siemens servo ventilator 900C). The ventilator settings
were as follows: FiO2 1.0, frequency 60/min, I:E ratio
1:2, inspiratory peak pressure 12 cm H2O, PEEP 0 cm
H2O. After confirmation that the movement of the lungs
in the newborn rat was satisfactory, ventilation was

continued for 1 or 6 h. The oxygenation of ventilated
animals was confirmed by movement of the lungs and
color of the skin. The animals were euthanized after
ventilation. Diaphragmatic hernia was confirmed in the
CDH group by thoracotomy. The left lung was dissected
from the CDH and control groups.

The research project had been approved by the
Department of Health, Ministry of Health, Ireland.

mRNA isolation

Left lungs (n=8 in each group) dissected microsurgically
from the thoracic cavity were immediately snap-frozen
and kept in a deep freezer (�70�C) until RNA extrac-
tion. Total RNA was extracted from each lung by using
a commercially supplied solution, TRIZOL reagent
(Life Technologies, Paisley, UK), according to recom-
mended protocol. mRNA was isolated using streptavi-
din magnetic particles and biotin-labeled oligo (dT)20
probe (Boehringer Mannheim, Mannheim, Germany).

Reverse transcriptase-polymerase chain reaction

We have previously described the polymerase chain
reaction (PCR) method [21, 22]; 0.2 lg of mRNA was
applied to cDNA synthesis according to the recom-
mended protocol (SuperScript Preamplification System
for First Strand cDNA Synthesis, Life Technologies),
which used random primers and 200 units of SuperScript
II RNases H-reverse transcriptase in 20 ll of reaction
volume. Positive controls for each specimen consisted of
the constantly expressed housekeeping gene, b-actin.
Negative controls consisted of reaction mixtures without
reverse transcriptase for each specimen. The specific
primer sets used in this study and the estimated size of
the PCR products are listed in Table 1. The PCR mix-
ture (total 50 ll) contained 20 pmol of each primer,
200 lM of each deoxyribonucleotide triphosphate, 5 ll
of 10· PCR buffer, 2 units of AmpliTaq DNA poly-
merase (Perkin-Elmer, Norwalk, CT, USA), and 2 ll of
cDNA solution. PCR for ET-1 (94�C 1 min, 57�C
1 min, 72�C 1 min, 38 cycles), eNOS (94�C 1 min,
60�C 1 min, 72�C 1 min, 30 cycles), CGRP (94�C 1 min,
60�C 1 min, 72�C 1 min, 35 cycles), and b-actin (94�C
40 s, 68�C 40 s, 72�C 90 s, 26 cycles) was performed in
each case. These PCR conditions were confirmed to be
within the exponential phase. The PCR products were
electrophoresed on a 1.5% agarose gel and stained with
ethidium bromide to visualize DNA bands. Semiquan-
titative analysis of the PCR products was similar to the
methods described previously [23, 24]. The intensities of
each band were analyzed using GDS 8000 Gel Docu-
mentation Systems (UVP, Upland, CA, USA). The
images of each band were scanned over ultraviolet light
at the same condition for all gels. Intensities of each
band were measured using gel analysis software,
Gelworks ID (UVP), for quantitation. Relative levels of
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ET-1, eNOS, and CGRP mRNA for each case were
expressed as a ratio of the band intensity divided by that
of b-actin.

Statistics

Results were expressed as mean ± SD. Data were ana-
lyzed by analysis of variance (ANOVA). The statistical
significance between groups was determined by Fisher’s
PLSD test. Statview software (Abacus Concepts, Barke-
ley, CA, USA) was used for all statistical work. A p-value
of less than 0.05 was taken as significant.

Results

The PCR conditions described above successfully yiel-
ded the amplified fragments of expected size for ET-1
(499 bp), eNOS (432 bp), CGRP (365 bp), and b-actin
(838 bp) in each sample (Fig. 1). Intensities of the bands
corresponding to b-actin mRNA were similar among all

the samples. No amplified products were observed in the
gel lanes where reverse transcriptase was omitted.

Relative levels of ET-1 mRNA continued to increase
during ventilation both in CDH lung and controls
(Table 2, Fig. 2). Relative levels of ET-1 mRNA were
significantly increased in CDH lung compared with
controls at birth and 1 and 6 h after ventilation, sug-
gesting the presence of high levels of ET-1 in CDH lung
(Table 2, Fig. 2).

Relative levels of eNOS mRNA were significantly
higher in CDH lung compared with controls at 1 h after
ventilation (Table 2, Fig. 3). However, relative levels of
eNOS mRNA in CDH lung after 6 h of ventilation were
similar to controls (Table 2, Fig. 3).

Relative levels of CGRP mRNA were significantly
increased in CDH lung compared with controls at birth
and at 1 h after ventilation (Table 2, Fig. 4). Relative
levels of CGRP mRNA after 6 h of ventilation were
similar in CDH lung and controls (Table 2, Fig. 4).

Discussion

Immediately after birth, the pulmonary vasculature is
rapidly remodeled to effect an abrupt reduction in pul-
monary vascular resistance. In cases with CDH com-
plicated by PPH, the pulmonary arteries fail to remodel
after birth, and the vessels remain thick-walled. The
pathogenesis of PPH is not clearly understood. Several
vasoactive mediators have recently been suggested as

Table 1 Reverse transcriptase-
polymerase chain reaction
primer sequences for vasoactive
mediators

Primer Sequence 5¢ fi 3¢ Product size (bp)

ET-1
Sense GCT CCT GCT CCT CCT TGA TG 499
Antisense CTC GCT CTA TGT AAG TCA TGG
eNOS
Sense CTG CTG CCC GAG ATA TCT TC 432
Antisense AAG TAA GTG AGA GAG CCT GGC GCA
CGRP
Sense GGT CGG GAG GTG TGG TGA AG 365
Antisense CGA CAG GGT GGT TTA TGG GG
b-actin
Sense ATC TGG CAC CAC ACC TTC TAC AAT GGC TAG G 838
Antisense CGT CAT ACT CCT GCT TGC TGA TCC ACA TCT GC

Fig. 1 Endothelin-1, eNOS, CGRP, and b-actin mRNA expression
in a representing sample in each case. Fragments of expected size
for ET-1 (499 bp), eNOS (432 bp), CGRP (365 bp), and b-actin
(838 bp) were successfully amplified. Intensities of the bands
corresponding to b-actin mRNA were similar among the samples

Table 2 mRNA expression of vasoactive mediators in the rat lung

Ventilation time No ventilation 1 h 6 h

ET-1 mRNA expression
Control 0.72±0.18 1.10±0.19a 1.64±0.51a,b

CDH 1.12±0.40c 1.86±0.97a,c 2.50±0.53a,b,c

eNOS mRNA expression
Control 0.25±0.05 0.23±0.06 0.29±0.11
CDH 0.20±0.09 0.4±0.10a,c 0.27±0.11a,b

CGRP mRNA expression
Control 0.78±0.07 0.86±0.07 1.12±0.30a,b

CDH 0.95±0.08c 1.42±0.28a,c 1.28±0.13a,b

aSignificant vs. control at the same time
bSignificant vs. no ventilation in the same group
cSignificant vs. 1 h of ventilation in the same group
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playing a role in the pathogenesis of PPH [7–9, 20].
Little is known about local synthesis of vasoactive
mediators in the CDH lung in the early postnatal period.
In the present study, there was a significant increase in
ET-1 mRNA, eNOS mRNA, and CGRP mRNA
expression in the nitrofen-induced CDH lung 1 h after
birth during ventilation. This upregulated synthesis of
both vasoconstrictor ET-1 and vasodilators eNOS and
CGRP in the CDH lung at 1 h after birth suggests that
several vasoactive mediators are involved in regulating
pulmonary vascular tone immediately after birth.

Studies in experimental models of PPH have sug-
gested that high pulmonary vascular resistance is partly
due to structural changes in the pulmonary vasculature
and to an imbalance in production or responsiveness to
vasodilator and vasoconstrictor stimuli [2–6]. In the
present study, ET-1 mRNA expression in the CDH lung
continued to increase after birth, and ET-1 mRNA levels

were significantly higher at 6 h compared with 1 h after
birth. However, the mNRA expression of both vasodi-
lators eNOS and CGRP in CDH lung were significantly
decreased at 6 h after birth compared with 1 h after
birth. It is tempting to speculate that the imbalance in
vasoconstrictor (ET-1) and vasodilator (NO and CGRP)
synthesis in the hypoplastic CDH lung in the early
postnatal period results in the failure of the vasculature
to remodel. Upregulated synthesis of vasoconstrictors
and downregulated synthesis of vasodilators, as seen in
this animal model, may accelerate high pulmonary vas-
cular resistance.

It is now quite clear from the clinical and experi-
mental observations that the development of pulmonary
hypertension is an important factor in the poor prog-
nosis of CDH [1]. Various clinical trials have shown that
the response to a variety of vasoactive agents, including
inhaled NO, is highly unpredictable [25]. In many
instances these vasoactive agents were given too late,
coinciding with the clinical episodes of deterioration in
CDH babies. Our experimental study clearly shows that
the first hour after birth is the most critical time, during
which rapid alterations in vasoconstrictors and vasodi-
lators are occurring. Intervention at this stage may
prevent the development of structural changes in the
pulmonary vasculature and, thus, the progression to
PPH.
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