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ABSTRACT

Pulmonary vascular reactivity is thought to be greater in the
newborn than adult lung. To determine the influence of the
endothelium on smooth muscle cell contractility, responses of
rings of isolated intrapulmonary arteries were studied from pigs
at birth aged <2 b, 2 d, 3 d, and 10 d (n = 4 per age group) and
from eight adult animals. At birth, the response to KCI (25 mM)
and prostaglandin F,, (PGF,,) (3 uM) but not histamine (0.1
mM) was greater in rings with endothelium (E+) than without
(E—). The response to PGF,,, decreased between birth and 3 d by
which time the contraction was less in E+ rings than E—, but
L-nitro monomethyl arginine augmented contraction at all ages.
In the immature piglets, the response to phenylephrine was less
in E+ rings than E—, an effect which was reversed by L-N“-
nitro-L-arginine methyl ester. The response to all contractile
agonists increased between 10 d and adulthood. The concentra-
tion of plasma endothelin-1 was determined in all animals by
RIA and was higher at birth than at 3 d or later. In summary, /)

at birth, endothelium enhanced contractility, when plasma endo-
thelin was greatest, but released NO in the presence of phe-
nylephrine and PGF,; 2) contractile response to all agonists was
small at birth; and 3) a complex interaction existed between the
contractile agonist and the effect of endothelial maturation. This
study suggests that excessive reactivity in the newborn pulmo-
nary vasculature may be due to immaturity of mechanisms
determining endothelium-dependent arterial relaxation, but not to
an excessive contractile response. (Pediatr Res 38: 25-29, 1995)

Abbreviations
PGF,,, prostaglandin F,,
PE, phenylephrine
L-NAME, N“-nitro-L-arginine methyl ester
L-NMMA, L-nitro monomethyl arginine
EDRF, endothelium-derived relaxing factor
NO, nitric oxide

At birth, the pulmonary arterial pressure and resistance are
high and decrease rapidly during the first hours after birth due
to structural (1-3) and functional (4, 5) remodeling. The
mechanisms responsible for these changes are not fully eluci-
dated, but EDRF is known to play a role. EDRF (6-8) is
released from the lungs of fetal and newborn animals (9-11).
It helps reduce basal tone in utero and contributes to the
postnatal fall in pulmonary vascular resistance. However, en-
dothelium-dependent relaxation to acetylcholine is absent at
birth in the porcine lung and does not appear until the third day
of life (5). In the ovine lung, endothelial-dependent relaxation
in response to acetylcholine, ADP, and calcium ionophore
(A23187) is minimal in utero and at birth and increases rapidly
during the first week of life (12). These observations suggest
that immediately after birth the interactions between the endo-
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thelium and the underlying smooth muscle may be different
from those in adult porcine pulmonary vasculature. In mature
blood vessels, the endothelium is thought to play an important
role in the control of vascular tone through a balance between
EDREF such as NO (10), prostacyclin (13), bradykinin (14), the
endothelium-derived hyperpolarizing factor (15), and the en-
dothelium-derived contracting factors, such as endothelin (16)
and thromboxane A, (17).

The present study investigates the influence of the endothe-
lium on the contractile responses of isolated porcine intrapul-
monary vessels taken from the newborn (less than 2 h), from
animals aged 2, 3, and 10 d and from adult animals.

METHODS

The isolated intrapulmonary arteries of eight adult large
white pigs (n = 8) and 16 piglets aged less than 2 h (n = 4),
2d(n=4),3d(n=4),and 10 d (n = 4) were studied. The
piglets were taken from four sows. Animals received humane
care in compliance with the “Principles of Laboratory Animal
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Care” formulated by the National Society of Medical Research
and the “Guide for the Care and Use of Laboratory Animals”
prepared by the National Academy of Science and published
by the National Institutes of Health (National Institutes of
Health Publication No. 80-23, revised 1978). The piglets were
delivered normally and killed by exsanguination after being
anesthetized with sodium pentobarbitone (100 mg/kg). The
heart and lungs were removed en bloc and placed in cold
Krebs-Ringer bicarbonate solution of the following composi-
tion (in mM): NaCl 118.3, KCl 4.7, CaCl, 2.5, MgSO, 1.2,
KH,PO, 1.2, NaHCO; 25, glucose 11.1. 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
taken to obtain the rings from the equivalent portion of artery
at each age. The external diameter therefore ranged from 2 mm
in the neonate to 3.5 mm in the adult. These were the arteries
accompanying the larger bronchioles. In some rings, the endo-
thelium was removed by gently rubbing the luminal surface
with watchmaker’s forceps. A total of six to eight rings was
taken from each animal.

Each ring was then suspended in a 5-mL organ bath filled
with Krebs solution at 37°C, gassed with 95% O, and 5% CO,,
and attached to a Grass FTO3 transducer. Isometric forces
were recorded on a model 7 Grass polygraph. Each ring was
stretched progressively and exposed to two conditioning doses
of KCI (25 mM). The rings were incubated with indomethacin
(10 uM) and allowed to equilibrate for 60 min.

Pharmacologic protocols. To compare the influence of the
endothelium on the smooth muscle responses to contractile
agonists, rings with and without endothelium were first ex-
posed to KCI (25 mM) at all ages as previously reported from
our laboratory (5) and then were exposed to PGF,, (3 uM).
This latter concentration was chosen because previous exper-
iments in our laboratory had shown that it produces reproduc-
ible, consistent contractions at all ages, and in fact this con-
centration represents the EC5, (18). If a higher concentration
was used, it was not possible to wash out the drug effectively.
Endothelial function was confirmed by the relaxant response to
acetylcholine in rings taken from animals more than 2 d old.
The rings were then washed until baseline tone was regained,
again incubated for 30 min with indomethacin and then ex-
posed to either histamine (0.1 mM) or to PE (0.1 mM).
Previous experiments from our laboratory confirmed that these
concentrations cause maximal contractile responses to these
agonists (19). In a parallel, simultaneous series of experiments,
rings were exposed to either histamine, PGF,,, or PE and a
nitric oxide synthase inhibitor, either .-NAME (3 uM) or
L-NMMA (30 uM). These agents were used to assess the role
of nitric oxide production in endothelium-dependent differ-
ences in contractile responses to these agonists, at each age. All
rings were exposed to sodium nitroprusside (0.1 mM) to
confirm the capacity of the smooth muscle to relax. Last, all the
rings were blotted on filter paper and weighed.

Histology. At the end of each experiment, all of the rings
were prepared as for electron microscopy, fixed in glutaralde-
hyde, embedded in Araldite, cut in thin 1-pwm sections, and

stained with toluidine blue to confirm the presence or absence
of endothelium as appropriate.

Drugs. The following drugs were used: histamine dihydro-
chloride, indomethacin, phenylephrine, L-NAME, .-NMMA,
potassium chloride, PGF,,, sodium nitroprusside (all from
Sigma Chemical Co., Poole, UK). The indomethacin was
dissolved in distilled water with Na,CO; (10 uM). All drug
concentrations are expressed as the final molar concentration in
the organ bath solution.

Data analysis. The tension generated in response to each
agonist was expressed in grams per mg of wet weight. For each
animal, six to eight rings were studied, with and without
endothelium, and » represents the number of rings tested. All
of the data are expressed as mean *= SD. Statistical analysis
was performed on paired or unpaired rings (rings with and
without endothelium and before and after L-NAME on the
same ring) using the t test. To compare rings from animals of
different age groups, an analysis of variance confirmed with the
Bonferroni-corrected ¢ test was used. Values were considered
statistically significant when p < 0.05.

Plasma level of endothelin-1. Blood samples were taken
from the same pigs as those used for the organ bath experi-
ments, aged less than 2 h (n = 4),3d (n = 3),10d (n = 2),
and adults (n = 4). Endothelin-1 was measured by a RIA
technique using a MADb specific for endothelin-1-21 (Radio-
immunoassay Kit, Amersham, UK). The cross reactivities of
the antibody are 100% for endothelin-1, 14.4% for endothe-
lin-2, 52% for endothelin-3, and 0.4% for big endothelin-1.
The concentration of endothelin-1 is expressed in picomoles/
liter. A ¢ test was used to compare the plasma concentration of
endothelin-1 at different ages.

RESULTS

For each vessel studied, examination of the 1-um sections
confirmed the presence or absence of endothelium, as appro-
priate. This included the newborns and the 2-d-old animals, in
which acetylcholine did not initiate a relaxation in arteries with
endothelium. All rings from the same animals and from those
of the same age responded in a similar manner, except where
stated, and therefore the data were pooled. All rings relaxed
completely to sodium nitroprusside.

The response to KCI (Fig. 1A). In rings with endothelium,
the contractile response to KCl did not change during the first
10 d of life but then increased significantly between 10 d and
adulthood (p < 0.05). In rings without endothelium, the tone
induced by KCl increased significantly between 2 d and adult-
hood (p < 0.01). Rings with endothelium showed a signifi-
cantly greater contractile response at birth than those without
endothelium (p < 0.05). By contrast, rings with endothelium
showed a significantly smaller contractile response in adult-
hood than those without endothelium (p < 0.05).

The response to PGF,, (Fig. 1B). In rings with endothe-
lium, the contraction was greater at birth than at either 2 or 3
d (p < 0.01 for each comparison). It then increased between 10
d and adulthood (p < 0.01). By contrast, the magnitude of the
contractile response to PGF,,, in rings without endothelium did
not change significantly between birth and 10 d of age. It then
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Figure 1. Contractile response at different ages. Contractile response as
grams of tension per mg of tissue in arteries with (E+) and without (E—)
endothelium in response to: /) KCl, 2) PGF,,, and 3) histamine. NB =
newborn less than 2 h old. Mean *+ SD of data from each of four piglets at each
age and from eight adults *p < 0.05.

increased significantly between 10 d and adulthood (p < 0.01).
In the newborn, the contractile response to PGF,,, was greater
in rings with than without endothelium (p < 0.05). By con-
trast, there was no significant difference in the amount of tone
generated between arteries with and without endothelium at 2,
3, and 10 d. In adults, the contractile response induced by
PGF,,, was less in tissues with than without endothelium (p <
0.01). The addition of L-NMMA caused a significant increase
in contraction in rings with endothelium (p < 0.05 at all ages),
although the increase was greatest at 10 d of age (29 = 4% at
birth, 37 + 12% at 2 or 3 d, 63 = 10% at 10 d, and 50 * 18%

at adulthood, expressed as percent of the precontraction. p <
0.05 comparing the response at birth with that in the adult).
There was a small increase in resting tension in the presence of
L.-NMMA (expressed as a percentage of the preceding KCl
contraction in each case, increasing from 7 = 5% at birth to 33
+ 11% at 17 d).

The response to histamine (Fig. 1C). In rings with endo-
thelium the contractile response appeared to decrease between
birth and 3 d, although the change was not statistically signif-
icant, but then increased significantly between 10 d and adult-
hood (p < 0.001). In rings without endothelium the response
did not change between birth and 10 d of age but again showed
a considerable increase to that seen at adulthood (p < 0.001).
Addition of L-NAME did not alter the response to histamine at
any age.

The response to phenylephrine (Fig. 2A). The contractile
response to PE in arteries with and without endothelium was
poor during the first 3 d of life. In the newborn, rings from only
one out of four animals responded to PE. In the 2- and 3-d-old
animals, the response was variable with some rings showing a
small contraction and others showing no response. In those
rings that did respond to PE at these ages, the response was less
in rings with than without endothelium (p < 0.01). Rings from
all 10-d-old animals contracted and again the response was
significantly less in the presence of endothelium (p < 0.01).
Rings from adult animals showed a greater response to PE
compared with that seen in all the younger age groups (p <
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Figure 2. Contractile response to PE. Contractile response of arteries with
endothelium to PE at different ages in the absence (A) and presence (B) of
L-NAME. NB = newborn less than 2 h old. Mean * SD of data from each of
four piglets at each age and from eight adults, *p < 0.05.
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0.001 for rings both with and without endothelium). No dif-
ference was observed between rings with and without endo-
thelium.

Addition of L-NAME significantly enhanced the response to
PE in rings with endothelium from newborn and 2-d-old
animals and in four rings elicited a response in rings in which
a contraction had not previously been detected (Fig. 2B). In
rings from adult animals there was a significant increase in
contractile response in the presence of L-NAME (p < 0.05).

Endothelin-1 plasma levels (Fig. 3). The plasma endothelin
level at 10 d was similar to that seen in the adult and therefore
the data from all these animals were pooled. In the newborn,
the plasma level of endothelin-1 was significantly greater than
in any other age group (p < 0.01 compared with 3 d, p < 0.05
compared with adults). There was no difference in endothelin-1
level between 3 d and adulthood.

DISCUSSION

In this study on the normal newborn pulmonary vasculature,
we found that in isolated pulmonary arterial rings without
endothelium the contractile response to all agonists investi-
gated, KCl and PGF,,,, histamine and phenylephrine, increased
between birth and adulthood. The effect of the endothelium
upon contractility varied with age and depended also on the
contractile agonist used. The endothelium augmented the con-
tractile response to KCI and PGF,, at birth and inhibited it
from 10 d onward. The endothelium appeared to have a similar
effect on histamine induced contractility during the first 10 d,
but the changes were small and not statistically significant. By
contrast, the presence of endothelium reduced the contractile
response to phenylephrine during the first 10 d of life, but made
no difference to the response in adult vessels. We investigated
the possible role of NO in these endothelial dependent re-
sponses and found that an NO synthase inhibitor augmented
the contractile response to PGF,,, and PE at all ages. .L-NMMA
caused a small but significant contraction at resting tension,
again at all ages. For both PGF,, and PE, the effect tended to
be less in arteries from immature rather than adult animals.
Thus, the present study demonstrated complex changes in the
functional properties of both pulmonary arterial endothelial
and smooth muscle cells, and in the interaction between these
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Figure 3. Plasma level of endothelin-1 (ET). Expressed in picomoles/liter in
animals of different ages. NB = newborn less than 2 h old. Mean = SD of four
to eight animals at each age, *p < 0.05.

cell types during development. The problem of elucidating the
changing relationships is made more difficult by our finding
that the magnitude of the contractile response as well as the
modulating effect of the endothelium depended not only on
age, but on the contractile agonist used.

The contractile response of the rings from the younger
animals to KCI and PGF,, was enhanced by the presence of
endothelium. It has been suggested that fetal pulmonary arte-
rial endothelium releases a constricting factor, as yet uniden-
tified. Possible candidates include arachidonic acid metabolites
(17, 20), a possibility excluded in these studies by the presence
of indomethacin, and endothelin. However, the physiologic
effect of endothelin is complex and influenced by EDRF/NO
(21, 22). That newborn pulmonary arteries contracting to
PGF,, were releasing EDRF/NO was shown by augmentation
of the contractile responses in the presence of L-NMMA. NO
has been shown to inhibit the release of endothelin-1 by
activation of endothelial endothelin-Ty receptors. In the
present study, the plasma endothelin level had fallen by 3 d of
age, the time at which both the density of endothelin-Tg
receptors (23) and the amount of endothelial NO synthase
increased (24). Functionally, at 3 d a vasodilator response to
endothelin occurs in the isolated perfused porcine lung (21).
Thus, the physiologic effect of endothelin may change in the
first days of life and at birth may play a transitory role in
mediating the contractile effect of the endothelium in pulmo-
nary arteries exposed to PGF,,,.

The response to each of the contractile agonists used in the
present study increased between 10 d of age and adulthood.
This increase in contractility was associated with an increase in
the density of pulmonary arterial smooth muscle cell myofila-
ments (3). The most dramatic changes, however, occurred in
response to the receptor mediated agonists histamine and PE,
suggesting that maturational changes in these receptors or their
signal transduction mechanisms are also important in the mat-
uration of the contractile response. The response to the a-1
agonist PE was extremely poor during the first 10 d of life and
other investigators have also noted a poor response to a-ago-
nists at this time (25). These findings could be due to a lower
density of adrenoreceptors in young animals (26) and may also
reflect immaturity of the receptors and their signal transduction
processes. In the present study, the contractile response to the
a-1 agonist in arteries with endothelium was augmented by
L-NAME at all ages, confirming work on adult rat perfused
lung (27). This suggests that EDRF/NO was released in re-
sponse to PE at birth, in a sufficient amount to suppress the
poor contractile response to PE. As with the response to PE, the
contractile response to histamine was poor in arteries from
young animals, but unlike the response to PE, an NO synthase
inhibitor had no significant effect on the contractile response.
Although we found only a small, statistically insignificant
endothelial dependent relaxation at 3 and 10 d of age, others
have described endothelial-dependent relaxation to histamine
in adult pulmonary arteries in the human (28) and in isolated
perfused newborn lamb lungs, possibly mediated through the
H-1 receptor (29). These findings suggest that of the contractile
agonists used, only histamine did not stimulate EDRF release
in the porcine pulmonary arteries, or alternatively that EDRF
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was released but in too small an amount to modify even a weak
contraction.

In summary, the findings of the present study reveal a
complex relationship between the endothelial and smooth mus-
cle cells in isolated pulmonary arteries of newborn pigs, a
relationship which changes rapidly during the first days of life.
The endothelium enhanced the contractile response at birth,
possibly due to release of a constricting factor such as endo-
thelin, and its customary relaxant effect appeared between the
third and tenth days of life. Despite the predominantly con-
strictor effect of the endothelium at birth, the use of NO
synthase inhibitors demonstrated the release of EDRF at this
time, as have other studies (11). This EDRF may, however, be
less effective than in adults because isolated newborn pulmo-
nary arteries without endothelium are relatively insensitive to
exogenous NO (4, 19). The contractile response of the smooth
muscle cells to all agonists used in the present study was
relatively small at birth. In conclusion, the findings suggest that
the newborn predisposition to excessive reactivity and vaso-
constriction may be due to immaturity of the mechanisms
determining endothelium-dependent relaxation, rather than to
an excessively vigorous contractile response. In addition, our
study was confined to the intrapulmonary arteries, but both the
microvasculature and venous segments may make significant,
and changing contributions to total pulmonary vascular resis-
tance in early life.
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