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ABSTRACT: The aim of this study was to determine which endothelial factors were
involved in the decrease of pulmonary vascular resistance at birth, and how they
changed with maturation.

Response of intrapulmonary artery rings precontracted with prostaglandin F2a
were studied from piglets aged <2 h, 2±3 day, 10 day and adult pigs for phar-
macological responses to acetylcholine (ACh) and cromakalim (CMK) in the presence
and the absence of the nitric oxide synthase (NOS) inhibitor, Nv-nitro-L-arginine (L-
NA), the adenosine triphosphate sensitive potassium (KATP) channel blocker, gliben-
clamide and the endothelin (ET)-A receptor antagonist, BQ123. In situ hybridization
and immunochemistry studies were performed in lung tissues of the same animals in
order to determine the expression of NOS and ET.

There was a small contractile effect of ACh in the newborn. Relaxation to ACh,
which was blocked by L-NA and reduced by glibenclamide, only appeared from the
age of 3 days. The significantly greater relaxation to CMK in rings without endo-
thelium (p<0.05) was abolished by BQ123 in the newborn, and then disappeared by 2
days of age. Glibenclamide had a greater inhibitory effect on relaxation induced by
CMK at 10 days than in the newborn and 2 days old piglets. NOS expression was low
in pulmonary arteries of the newborn and increased by 2 days of age whereas the
converse was seen with ET expression.

It is concluded that: 1) relaxant response to acetylcholine was absent at birth and
appeared at 2 days; 2) the reduced relaxant response to cromakalin in rings with
endothelium at birth could be blocked by BQ123; and 3) the expression of endothelin
decreased whereas the expression of nitric oxide synthase increased from birth to 2
days of age.
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Pulmonary arterial pressure and resistance are high at
birth, and decrease rapidly thereafter due to structural [1±3]
and functional [4, 5] changes. The underlying mechan-
isms of these modifications are not fully understood, but
nitric oxide (NO) is known to play a role. NO [6±8] is
released from the lungs of foetal and newborn animals [5,
9, 10]. It reduces basal tone in utero and contributes to the
postnatal fall in pulmonary vascular resistance. However,
endothelium-dependent relaxation to various agonists is
either absent [11] or very weak [12] until the third day
after birth. Then it rapidly increases during the first week
of life [11, 12]. These observations suggest that imme-
diately after birth the interactions between the endothe-
lium and the underlying smooth muscle may be different
from those in adult porcine pulmonary vasculature.

Vasodilators such as NO [13], prostacyclin [14], bra-
dykinin [15], endothelium-derived hyperpolarizing factor
(EDHF) [16], and vasoconstrictors such as endothelin
(ET)-1 [17] and thromboxane [18] are important factors
modulating pulmonary vascular tone. ET-1 plasma levels

are higher at birth than at 3 days and in adults [19].
Although endothelium-dependent relaxation to acetyl-
choline (ACh) is absent, the amount of cyclic guanosine
monophosphate (cGMP) is high in immature porcine
pulmonary arteries [20]. Endothelium-dependent relaxa-
tion to ACh is inhibited by antagonists of the muscarinic
M1 and M3 receptor subtypes at 3 days of age, whereas it
is inhibited only by the M3 blockers in adult porcine
pulmonary artery [20]. EDHF and NO release is induced
by activation of the M1 and M3 subtypes, repectively
[21]. These observations suggest that ACh mainly acts
via the NO pathway in adults, whereas both NO and
EDHF pathways are likely to be involved in the immature
vessels. EDHF hyperpolarizes vascular smooth muscle
cells through activation of adenosine triphosphate sen-
sitive potassium (KATP) channels [5, 9, 12].

To further investigate the role of pulmonary vascular
endothelial cells in the control of newborn pulmonary
vascular tone, this study tested the relaxant response to
ACh and cromakalim (CMK), a KATP channel opener, in
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the presence and absence of NO synthase (NOS)
inhibitors, KATP channel blockers, and ET-A receptor
antagonists, in isolated porcine pulmonary artery vessels
taken from newborn (<2 h), 2±3 days old and 10 day old
animals and from adult animals. Furthermore, protein
expression of endothelial constitutive NOS3 and ET-1 and
expression of messenger ribonucleic acid (mRNA) en-
coding for NOS3 were also examined in the lungs of
differently aged animals (2 h, 2±3 days, 10 days). The res-
ponse of pulmonary artery rings to the ET-B receptor
agonist, sarafotoxin 6c (SF6c), was also tested.

Methods

The isolated intrapulmonary arteries of three large adult
white pigs and 20 piglets aged <2 h (n=7), 2±3 days (n=8),
and 10 days (n=5) were studied. The piglets were taken
from 13 sows. Animals received human care compliant
with the "Principles of Laboratory Animal Care" [22] and
the "Guide for the Care and Use of Laboratory Animals"
[22]. The piglets were delivered normally and killed by
exsanguination after being anaesthetized with inhaled
isoflurane or halothane. The heart and lungs were re-
moved en bloc and placed in cold Krebs-Ringer bicar-
bonate solution of the following composition (in mM):
NaCl 118, KCl 5.9, CaCl2 2.5, MgSO4 1.2, NaH2PO4 1.2,
NaHCO3 25.5, Glucose 5.5. The distal portion of the
muscular intrapulmonary arteries was dissected free from
the surrounding lung parenchyma and cut into rings (2.5±
3 mm length) taking care not to touch the luminal surface.
Care was also taken to obtain the rings from the equi-
valent portion of artery at each age. The external diameter
therefore ranged from 2 mm in the neonate to 3.5 mm in
the adults. These were the arteries accompanying the
bronchioles (fourth to fifth-generation intralobar pulmon-
ary arteries). In some rings, the endothelium was removed
by gently rubbing the luminal surface with watchmaker's
forceps. A total of 6±10 rings were taken from each
animal.

Pharmacological protocols

Each ring was suspended in a 13-mL organ bath filled
with Krebs solution at 378C, gassed with 95% O2 and 5%
CO2 and attached to a transducer (Amplifier 6112; Palmer
Bioscience, Cambridge, UK). Isometric forces were recor-
ded on a polygraph (Linseis-L6514; Prolabo, Fontenay-
sous-Bois, France). Each ring was stretched progressively
and exposed to two conditioning doses of KCl (40 mM).
The rings were incubated with indomethacin (10-5 M) to
inhibit prostanoids production and allowed to equilibrate
for 60 min.

To compare the influence of the endothelium on the
smooth muscle response to relaxant substances, rings with
and without endothelium were precontracted with pros-
taglandin F(PGF)2a (10-5 M). When a steady level of tone
was obtained, cumulative concentration response curves to
either ACh or the KATP channel opener CMK (10-9±10-4

M) were obtained by adding the drug in log increments.
This concentration of PGF2a was chosen because previous
experiments had shown that it produced reproducible,
consistent contractions at all ages, and this concentration

represents the median effective concentration (EC50) [19].
In a parallel, simultaneous series of experiments the
authors tested the effect of the NOS inhibitor Nv-nitro-L-
arginine (L-NA; 10-4 M), the KATP channel blocker,
glibenclamide (10-5 M) and the inhibitor of the ET-A
receptor, BQ123 (10-5 M), on the relaxant response to
ACh and CMK. The authors also looked at the relaxant
response to the ET-B activator, SF6c (10-12±10-6 M) at
different ages. At the end of the experiment, all rings were
exposed to sodium nitroprusside (10-5 M) to test the
capacity of the smooth muscle to relax. Lastly, all of the
rings were blotted on filter paper and weighed.

Drugs

The following drugs were used: PGF2a, ACh, indo-
methacin, L-NA, sodium nitroprusside, CMK, SF6c (all
from Sigma, Paris-La-DeÂfense, France). Indomethacin and
CMK were dissolved in ethanol (final concentration of
ethanol <0.01%). Glibenclamide was obtained from Hoe-
chst (Paris-La-DeÂfense, France) and was also dissolved in
ethanol. BQ123 was obtained from Neosystem (Stras-
bourg, France). All drug concentrations are expressed as
the final molar concentration in the organ bath solution.

Histology

At the end of each experiment, the rings were fixed in
glutaraldehyde, embedded in araldite, cut in thin 1 mm
sections and stained with toluidine blue to confirm the
presence or absence of endothelium as appropriate.

Data analysis

For each animal 8±10 rings were studied, with and
without endothelium, and n represented the number of
rings tested. The relaxation was expressed as percentage of
relaxation from the PGF2a-induced tone. Results were
expressed as median and range. The mean�SEM of each set
of experimental data were only used to construct the dose-
response curves to various pharmacological substances.
Statistical analysis was performed using the nonparametric
Wilcoxon signed rank test to compare results obtained on
rings with and without endothelium tested with (or with-
out) various inhibitors, and rings from animals of different
age groups. Values were considered statistically significant
when p<0.05.

In situ hybridization

Cryostat sections of 10 mm were placed on ribonuclease
(RNase)-free glass slides and hybridized with an ribonu-
clease (RNA) probe labelled with P33 to detect constitu-
tive endothelial NOS mRNA. Sections were immediately
fixed during 1 h at 48C in paraformaldehyde 4% dissol-
ved in phosphate buffered saline (PBS) 0.1 M (pH 7.4)
and then washed twice during 5 min in PBS 0.1 M at
48C. Tissue sections were made permeable with proteinase
K (1 mg.mL-1, tris HCl 100 mM, ethylene diamine tetra-
acetic acid (EDTA) diNa 50 mM) and washed with
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diethylpyrocarbonate (DEPC) 4% and triehanolamine 0.1
M to reduce background noise. Tissue sections were then
treated during 10 min with triethanolamine and acetic
anhydride. After overnight incubation with the radiola-
belled probe at 558C, unhybridized RNA probes were
removed with RNase A and high-stringency washes with
2± 0.56saline sodium citrate (SSC=150 mM sodium
chloride and 15 mM sodium citrate per litre, pH 7) at 22±
608C. The sections were then processed for autoradio-
graphy. Negative control experiments included adjacent
lung sections hybridized with the sense probe.

The plasmid was kindly provided by P.A. Marsden
(University of Toronto, Toronto, Ontario, Canada) [23],
and RNA probe was synthesized with a Promega kit
(Promega, CharbonnieÁres, France).

Immunohistochemical analysis

Cryostat sections of tissue were immunostained with
antiserum to human endothelial NOS produced by Trans-
duction Laboratories (Paris, France). Monoclonal antibody
to ET which binds specifically to ET-1, ET-2 and ET-3 is
purchased from Affinity Bioreagents (Cambridge, UK).

Results

For each vessel studied, examination of the 1 mm sec-
tions confirmed the presence or absence of endothelium,
as appropriate. From 3 days of age the presence of en-
dothelium was confirmed by the relaxant response to ACh
at the end of the experiment. All rings from the same
animals and from those of the same age responded in a
similar manner, and therefore the data were pooled. All
rings relaxed completely to sodium nitroprusside.

The inhibitory effects of L-NA and glibenclamide and
the effect of BQ123, were tested on vasodilator responses
to ACh and cromakalim. The contractile response to 10-5

M of PGF2a was comparable at all ages and was expressed
in gram of tension. There was no significant difference on
the weight of the rings at all ages. The relaxant response

was expressed as percentage relaxation of PGF2a-induced
tone.

In the newborn

None of the arterial rings of newborn animals showed
endothelium-dependent relaxation to ACh whereas some
rings even showed a small contraction at high doses of
ACh. Preincubation of the rings with the NOS inhibitor, L-
NA did not alter the response to ACh, neither did gli-
benclamide, or BQ123. There was no difference in rings
with or without endothelium.

In the newborn, all rings relaxed in response to CMK
and the response was significantly less in rings with
endothelium (median 26.5%; range: 0±36%) as compared
with rings without endothelium (median 95%; range: 55±
100%) (p<0.05) (fig. 1). The relaxant response to CMK
was unaffected by L-NA and was significantly reduced
but not abolished by glibenclamide (fig. 2). In the pre-
sence of BQ123, the relaxant response to CMK improved
significantly in rings with endothelium (p<0.01) thus the
difference observed between rings with and without
endothelium disappeared.
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Fig. 2. ± a) Relaxant response of endothelin-A receptor antagonist
arteries with (r) endothelium to cromakalim (CMK) at different ages in
the presence of endothelin-A antagonist, BQ123, (u) or the potassium
channel blocker, glibenclamide (h). b) relaxant response as percentage
relaxation from prostaglandin F (PGF)2a-induced tone in arteries with-
out (r) endothelium, in the presence of BQ123 (u) or glibenclamide
(h). NB: newborn; Ad: adult. *: p<0.05; #: p<0.01. Data are presented as
mean�SEM.
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Fig. 1. ± Relaxant response to cromakalim at different ages. Relaxant
response as percentage relaxation from prostaglandin F (PGF)2a-in-
duced tone in arteries with (p) and without (h) endothelium. NB:
newborn <2 h old; Ad: adult. *: p<0.05. Data are presented as mean�
SEM.
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At 2±3 days

Two animals out of five showed endothelium-dependent
relaxation to ACh whereas the three others showed a small
contraction at high dose of ACh. In rings without endo-
thelium, 3/4 showed a contraction in response to ACh.

In the presence of L-NA or glibenclamide (fig. 3), none
of the rings with endothelium relaxed in response to ACh.
However, preincubation with glibenclamide induced a
contraction in response to ACh (median 60%; range: 0±
100%) which was significantly higher than in control
rings with endothelium (median 3%; range: -43±20%)
(p<0.05). In the presence of BQ123, the response to ACh
was not altered in rings with endothelium.

In the 2±3 day old animals, all rings with and without
endothelium relaxed in response to CMK and the response
increased in rings with endothelium as compared with
newborn (p<0.05) so that there was no difference between
rings with and without endothelium at that age (fig. 1). The
presence of L-NA did not alter the maximal response to
CMK. Preincubation with glibenclamide reduced signifi-
cantly but did not abolish the relaxant response to CMK
(p<0.05 in rings with and without endothelium) (fig. 2).

In the presence of BQ123, the relaxant effect of CMK
was unaffected in rings with endothelium, however, in
rings without endothelium, relaxation to CMK appeared
lower although the difference was not significant (fig. 2b).

At 10 days of age

The response to ACh in arteries with endothelium taken
from the 10 day old animals (n=4) was variable, the rings
from two animals showing a similar relaxant response to
that seen in the adult while the vessels from the other two
showed only a small relaxant response. In the absence of
endothelium, there was no relaxation but a small con-
traction in one animal.

Preincubation with L-NA reduced significantly the rela-
xant response to ACh (p<0.05; fig. 3).

In the presence of glibenclamide, the endothelium-
dependent relaxation to ACh was reduced in four rings
with endothelium out of five (fig. 3). There is no dif-
ference in rings without endothelium.

In the presence of BQ123, the response to ACh was
similar to that observed in the control animals. At 10 days
old, the maximal relaxation to CMK was similar to that
observed at 2±3 days without a difference between the
rings with or without endothelium. In the presence of L-
NA, the maximal relaxant response to CMK was similar to
that observed in the control animals.

In the presence of glibenclamide, the relaxant response
to CMK was totally abolished and two out of three rings
with endothelium contracted whereas all rings without
endothelium contracted (p<0.01 for rings with and without
endothelium; fig. 2).

In the presence of BQ123, the dose-response curve to
CMK was slightly shifted to the left as compared with the
control but this difference was not significant.

In the adult animals

There was an endothelium-dependent relaxation to ACh
which was almost totally abolished by L-NA whereas
glibenclamide reduced the endothelium-dependent res-
ponse (fig. 3).

CMK induced a relaxant response in rings with and
without endothelium which was unaffected by L-NA and
BQ123 and abolished by glibenclamide (fig. 2).

Response to sarafotoxin 6c

In the newborn, endothelium-dependent relaxation to
SF6c was observed in only one out of three animals at
low dose and there was a contraction at high dose. With
maturation, the endothelium-dependent relaxant effect of
SF6c at low doses increased whereas the contractile effect
observed at high doses decreased (fig. 4).
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Expression of nitric oxide synthase messenger ribo-
nucleic acid

The expression of NOS mRNA was present at all ages
(fig. 5). However, it was lower in the newborn and
increased with age.

Expression of nitric oxide synthase protein

The NOS protein was lower at birth in arteries and in the
parenchyma than at 2±3 days and increased at 10 days (fig.
6). The protein was totally absent in the bronchus whereas
the mRNA was expressed.

Expression of endothelin

There was a marked expression of ET in arteries and
parenchyma in the newborn (fig. 7). This was decreased at
2 days and was increased again at 10 days but at a lower
level than in the newborn.

Discussion

In this study, the authors have found that the endo-
thelium-dependent relaxation to ACh is absent whereas
the relaxant response to the KATP channel opener, CMK,
is present at birth. The latter is, however, attenuated by the

presence of endothelium. In adult porcine pulmonary
artery, endothelium-dependent response to ACh is med-
iated by NO through activation of muscarinic M3 receptor-
subtype [21]. In the immature porcine pulmonary artery,
the response to ACh is mediated by both NO and EDHF.
The latter being activated by muscarinic M1 receptor-
subtype [20, 21]. CMK induces relaxation through
activation of KATP channels. The resulting efflux of
potassium ions causes hyperpolarization of the vascular
smooth muscle cell membrane, hence vasorelaxation
[24].

Reduced response to CMK indicates a vasoactive effect
of the endothelial cells at birth. This is consistent with the
observation that endothelium at birth increases constriction
induced by vasoconstrictor substances such as PGF2a and
KCl [19]. The contractile effect of the endothelium is
attributed to ET-1 and arachidonic acid metabolises [25].
The latter are unlikely to be involved in this study due to
the presence of indomethacin.

It has been shown that plasma levels of ET-1 are greater
at birth as compared with 3 days and 10 days after birth
[19]. The physiological effect of ET-1 is complex, de-
pending on the dose, the initial blood pressure and the
type of vascular bed [26, 27]. ET-1 induces pulmonary
vasoconstriction by activation of both ET-A and ET-B
receptors whereas it induces transient vasorelaxation
exclusively by activation of ET-B receptors [28, 29].
Vasodilatation is partly due to a release of NO [30],
prostacyclin [31] and EDHF [32]. The vasoactive effect
of ET depends on the pulmonary vascular tone, as it can

Fig. 5. ± Expression of nitric oxide synthase (NOS)3 messenger ribonucleic acid (mRNA) in control (C) (a), newborn (b), 2 days (c), 10 days (d) old
animals. Tissue sections were treated with triethanolamine and acetic anhydride, incubated overnight with the radiolabelled probe and processed for
autoradiography. Internal scale bar =500 mm. The white arrows indicate endothelial cell linings.
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either dilate or constrict the vasculature in control and
hypertensive lambs, respectively [33]. The vasoconstric-
tor effect of ET has been shown to be greater in the
newborn period [34]. In newborn pulmonary arteries,
there are mainly ET-A receptors whereas expression of
ET-B is low at birth and increases at 2 days [35]. Hypoxia
induces pulmonary hypertension, right heart hypertrophy
and pulmonary vascular remodelling that can be totally
reversed and prevented by the inhibitor of ET-A receptors
[36].

At birth, the relaxant response to CMK is not affected by
the NOS inhibitor, L-NA, whereas it is inhibited by gli-
benclamide. In order to know if the reduced response to
CMK in rings with endothelium is due to release of a
vasoconstrictor substance such as endothelin, the authors
tested the effect of BQ123 which significantly increases
the relaxant response to CMK to the level of rings without
endothelium. Thus, there is possible interaction between
EDHF and ET. There is evidence to suggest that EDHF
acts mainly on KATP channel [24, 37], which can be
blocked by glibenclamide [38, 39]. EDHF seems to be
involved in the decrease of pulmonary resistance at birth
[20, 40] and is more effective in hypertensive lung [41].
In the current study it appears that the endothelium re-
duces the relaxant effect of CMK at least partially by the
activation of ET-A receptors.

Despite a predominant constrictor effect of the endo-
thelium at birth, the release of endothelial-derived NO is
also present at that age in ovine and porcine pulmonary

arteries [12, 19, 20, 42]. The NOS mRNA and the NOS
protein are both present at birth but at a lower density than
at 2 and 10 days of age. This study has found a higher
expression of ET-1 at birth. Thus, it appears that in
newborn porcine lung, the density of ET-1 receptors is
higher than at 10 days whereas the converse is true with
expression of NOS protein. This may explain how, at birth,
the endothelium inhibits the relaxant response to CMK by
the release of ET and that its customary relaxant effect
appears between the second and third days of life. The
constricting effect of the endothelium at birth can also be
attributed to an increased production of superoxide anions
due to a sudden increase of oxygen level [43, 44].

The lack of response to ACh at birth is not due to the
activation of the ET-A receptors as BQ123 did not modify
the response. Thus it is probably due to an immaturity of
the muscarinic receptors.

Endothelium-dependent relaxant response to ACh is
absent in all animals by 2 days of age and only appears
between the second and the third day of life [20]. How-
ever, in rings with endothelium, ACh induced a con-
traction in the presence of the KATP channel blocker,
glibenclamide indicating a release of EDHF in response
to ACh at that age. In the presence of the NOS inhibitor,
L-NA, ACh also induces a contraction which is much
smaller than that observed with glibenclamide, indicat-
ing that EDHF can be more important than NO in the
vasodilatory response to ACh at that age. The ET-A
receptor antagonist, BQ123, did not modify the response

Fig. 6. ± Expression of nitric oxide synthase (NOS)3 protein in control (C) (a), newborn (b), 2 days (c), 10 days (d) old animals. Tissue sections were
incubated with NOS3 antibodies. NOS3 antigen-antibody complexes were detected using the avidin biotin procedure and visualized by peroxidase
substrate solution. Internal scale bar =500 mm.

163MATURATIONAL CHANGES OF PULMONARY VASCULAR TONE



to ACh, indicating that the lack of relaxation to ACh
during the first 3 days of life is not due to an excessive
vasoconstriction to ET-1 but may be due to an immaturity
of the mechanisms determining the release of NO as
suggested by the lower density of NOS in the first days of
life as well as an immaturity of the EDHF pathway.

At 10 days, the endothelium-dependent relaxation to
ACh is variable but is unaffected by glibenclamide while it
is inhibited by L-NA. These results suggest that between 2±
10 days the response to ACh is mediated by different
factors, mainly EDHF at 2 days and NO at 10 days [20].

This study demonstrates maturational changes in the
modulatory role of the endothelium in response to ace-
tylcholine and cromakalim and maturation-related changes
in the expression of endothelin-1 and endothelial nitric
oxide synthase. The newborn predisposition to excessive
reactivity and vasoconstriction may be due to an important
effect of endothelin-1 associated with an immaturity of the
mechanisms determining endothelium-dependent relaxa-
tion. The important relaxant response to cromakalim in the
presence of the endothelin-A receptor inhibitor, BQ123 at
birth, and the endothelium-dependent relaxation to sara-
fotoxin 6c from 2 days of age are critical factors that might
be useful in the treatment of pulmonary hypertension in the
newborn.
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