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Abstract
Aims—To determine if the failure of
neonatal pulmonary arteries to dilate is
due to a lack of nitric oxide synthase
(NOS).
Methods—A monoclonal antibody to en-
dothelial NOS was used to demonstrate
the distribution and density of NOS in the
developing porcine lung after a period in
hypobaric hypoxia. Newborn piglets were
made hypertensive by exposure to hypo-
baric hypoxia (50.8 kPa) from < 5 minutes
of age to 2.5 days of age, 3–6 days of age or
14–17 days of age. A semiquantitative
scoring system was used to assess the dis-
tribution of endothelial NOS by light
microscopy.
Results—NOS was present in the arteries
in all hypoxic animals. However, hypoxia
from birth caused a reduction in NOS
compared with those lungs normal at
birth and those normal at 3 days. Hypoxia
from 3–6 days led to a high density of NOS
compared with normal lungs at 6 days.
Hypoxia from 14–17 days had little eVect
on the amount of NOS. On recovery in
room air after exposure to hypoxia from
birth there was a transient increase in
endothelial NOS after three days of recov-
ery, mirroring that seen at three days in
normal animals.
Conclusions—Suppression of NOS pro-
duction in the first few days of life may
contribute to pulmonary hypertension in
neonates.
(Arch Dis Child 1997;77:F16–F22)
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Pulmonary hypertension is a major cause of
mortality and morbidity in the newborn period
and is characterised by failure of the pulmo-
nary arteries to dilate. This is normally accom-
panied by changes in endothelial and smooth
muscle cell shape and cytoskeletal
composition.1 The mechanisms causing these
changes are not completely understood, but
endogenous nitric oxide produced from
L-arginine by nitric oxide synthase (NOS)
probably has an important role. The type III
(endothelial) form of NOS is present in normal
porcine pulmonary vessels at birth and in-
creases to a maximum at 2–3 days of age before
reducing to the lower adult level.2 A postnatal
decrease has also been described in sheep and
rats.3 4

Hypoxia is a common cause of failure of the
pulmonary arteries to dilate. The pulmonary
arteries of newborn piglets made hypertensive
by exposure to hypobaric hypoxia for three
days showed a loss of endothelium dependent,
acetylcholine induced vasodilatation, but con-
tinued to dilate in response to nitric oxide,
although this response was attenuated.5 In-
haled NO reduces pulmonary artery pressure
in hypertensive 1 to 2 day old piglets,6 and is
eVective in the treatment of hypoxic newborn
babies.7 8 Failure to dilate in hypoxic newborn
humans and animals might be attributable to a
reduction in the amount of endothelial NOS.
This study aimed to determine whether

there were changes in the amount of endothe-
lial NOS in the presence of pulmonary
hypertension after hypobaric hypoxic exposure
in the newborn period, and also to determine
whether any changes were reversible on return
to normoxia.

Methods
Large White piglets delivered naturally at term
were used. Animals were randomly allocated to
experimental groups as they were delivered.
Fifty five animals were exposed to hypobaric
hypoxia (50.8 kPa) which gives an FIO2 of
0.096 either from birth (<5 minutes old) for
2.5 days, or kept with their mother for three or
14 days and then exposed to hypoxia for three
days. The newborn babies were warm and pink
as they were put in the chamber. During expo-
sure to hypobaric hypoxia, measurement with a
pulse oximeter on the foreleg showed that the
animals had a systemic arterial oxygen satura-
tion of 71% with a standard deviation of 5%.
Eighteen animals were killed at the end of
hypoxic exposure (n=6 for each group). These
animals had evidence of pulmonary hyperten-
sion with a decreased heart:weight ratio and
increased arterial wall thickness, which has
been reported before.9 The remaining 27
hypoxic animals were allowed to recover in
room air with the sow and littermates for one,
three, or six days before sacrifice. The animals
were kept in the hypobaric chamber on straw,
at a temperature of 25°C with a continuous
supply of milk and mashed feed. The chamber
is purpose built of steel, one metre in diameter
and 1.5 metres long. It has a perspex viewing
window which also allows entry for a tempera-
ture probe and a light source. The pressure is
reduced by a vacuum pump with a flow of air
through the chamber due to a controlled leak.
This gives a flow of at least 30 litres per minute
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and maintains the carbon dioxide at less than
0.3%. The chamber was cleaned and the
supplies replenished twice a day. The animals
kept in the chamber from birth were tube fed at
this time so that the pressure was normal for 30
minutes. Twenty four control animals aged
newborn, 3 days, 6 days and 17 days were also
studied, and these animals were maternally fed.
For each group of control and experimental
animals, piglets were taken from diVerent
litters so that animals from at least three diVer-
ent litters were used in each group. Littermates
were used for some control and experimental
groups, but not within the same group.
This investigation conforms with the Guide

for the care and use of laboratory animals
published by the US National Institutes of
Health (NIH publication No 85-23, revised
1985). Animals were killed in accordance with
British Home OYce regulations and as ap-
proved by the Animals Ethics Committee of
the Institute of Child Health.
Immediately after death transverse slices of

tissue from the mid-lung region were immersed
in freshly defrosted 1% paraformaldehyde
solution in phosphate buVered saline (PBS:
0.01M phosphate buVer, pH 7.4, with 0.15M
NaCl) for four hours and then washed in PBS
containing 10% sucrose for at least 24 hours.

After snap freezing, sections 7 µm thick were
cut at 21°C in a cryostat, and pairs of serial
sections stained either with haematoxylin and
eosin or for immunochemistry using a mouse
monoclonal antibody to constitutive NOS,
purified from cultured bovine aortic endothe-
lial cells, known to show immunoreactivity to
porcine tissue.10 Sections were immersed in
0.03% hydrogen peroxide in methanol for 30
minutes to block endogenous peroxidase,
followed by three 10 minute washes in PBS.
Non-specific binding was blocked by incuba-
tion in 3% normal horse serum for 20 minutes.
Sections were then blotted to remove excess
serum and incubated overnight with the
monoclonal antibody diluted 1 in 25 000 in
PBS containing 0.05% bovine serum albumin
and 0.1% sodium azide. After washing in PBS
sections were successively incubated with
biotinylated horse antiserum to mouse IgG
(Vector Laboratories, Burlingame, CA, USA)
diluted 1 in 100 in PBS with bovine serum
albumin and freshly prepared avidin-
biotinylated-peroxidase complex (Vector Labo-
ratories) for 30 and 60 minutes, respectively.
Peroxidase activity was demonstrated using the
nickel enhanced diaminobenzidine method.11

Control sections were treated in the same way
except that the primary antiserumwas omitted.
The distribution of endothelial NOS in the

pulmonary arteries and veins was examined
using light microscopy. A semiquantitative
method of assessing the amount of endothelial
NOS was used. Arteries were identified ac-
cording to their position within the lung. Five
types of artery were identified: arteries accom-
panying bronchioli; arteries accompanying ter-
minal bronchioli; arteries accompanying respi-
ratory bronchioli; arteries accompanying
alveolar ducts; and arteries accompanying
alveoli. For each artery, the amount of
endothelial NOS was classified as: none; up to
50% of the endothelial cells containing en-
dothelial NOS; or 51–100% of the endothelial
cells containing NOS. For each of the five types
of artery the percentage falling into the three
groups was determined. At least 20 arteries of
each type were assessed in each animal and at
least 50 in the alveolar duct and alveolar

Table 1 Mean (SD) percentage of arteries containing diVerent amounts of eNOS within endothelial cells during hypoxia

Artery level 3 day C 0-2.5d H 6 day C 3-6 day H 17 day C 14-17 day H

Bronchiolus
0 0.6 (1.3) 5.0 (8.1) 15 (8.7) 3.3 (4.5) 15.6 (12.3) 5.7 (4.4)
1-50 18.6 (17.4) 38.5 (11.9) 43.1 (12.5) 23.7 (15) 40.5 (19.4) 30.5 (13.7)
51-100 80.8 (16.1) 53.1 (11.9)* 40.3 (15.3) 72.9 (18.6)* 44 (26.2) 63.8 (15.6)

Terminal bronchiolus
0 0.8 (1.8) 26.6 (16.6) 13.2 (9.1) 4.7 (7.2) 30.5 (28.9) 10.5 (11.6)
1-50 36.8 (13.4) 52.3 (7.9) 63.7 (12) 31.8 (19.9) 46 (23.4) 51.1 (11.7)
51-100 62.4 (14) 21 (14.2)* 23.1 (16.1) 63.6 (21.6)* 23.5 (28.3) 38.3 (19.9)

Respiratory bronchiolus
0 1.2 (2.7) 35.1 (26.7) 16.8 (9.4) 4.8 (7.6) 31.3 (20.1) 27.8 (11.9)
1-50 41.4 (4.3) 51.3 (17.7) 56.7 (13.7) 38.8 (18.3) 44.3 (10.2) 52.1 (8.9)
51-100 57.4 (4.3 13.1 (16.6)* 26.5 (17.6) 56.3 (23.2) 24.3 (16.9 20 (16.3)

Alveolar duct
0 4.8 (5.9) 50.1 (13.3) 34.3 (20.8) 10.7 (11.1) 51.7 (16.4) 55 (16.4)
1-50 37.8 (11.4) 48.1 (13.1) 46 (16.4) 34.3 (9.9) 34.8 (14.6) 36.5 (12.5)
51-100 57.4 (14.5) 1.7 (2.9)* 19.7 (12.2) 55 (17.04)* 13.5 (11.1) 8.5 (4.9)

Alveoli
0 9.6 (17.3) 98.1 (2.9) 3.7 (16.2) 30 (32.7) 100 100
1-50 33.8 (19.7) 1.8 (2.9)* 9.5 (12.6) 30.5 (24.01) 0 0
51-100 56.6 (23.8) 0* 3.5 (8.6) 39.5 (25.5)* 0 0

*P<0.05 in comparison with age-matched controls.

Figure 1 Mean (SD) percentage of arteries at bronchiolar level containing no endothelial
NOS, containing up to 50%, or 51–100% in hypoxic and control piglets. *P<0.05
compared with controls of the same age.
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region. For each control and hypoxic group,
and for each type of artery, the mean value of
each of the three percentage groups was deter-
mined and the results compared using ANOVA
and where appropriate Student’s t test with
Bonferroni’s correction for multiple compari-
sons. A P value of <0.05 was taken as showing
a significant diVerence.
An average score for the amount of endothe-

lial NOS in the arteries at each level was also
derived from these data in order to help under-
standing. By multiplying the percentage of ves-
sels with no endothelial NOS by 0, vessels with
1–50% by 0.5, and vessels with 51–100% by 1
and adding them together, a score out of 100
was produced for each type of artery. Thus if all
arteries studied had 51–100% of their endothe-
lial cells containing NOS, the score would be
100. A mean score for each type of artery in
each age group was calculated. From these
scores a mean score for the whole lung was also
calculated. Results were compared using
ANOVA and Student’s t test as above.

Results
Immunoreactivity for endothelial NOS was
seen on the endothelial cells of pulmonary
arteries and veins in all cases, as reported
before.2 The amount of endothelial NOS stain-
ing was greater in larger and more proximal
arteries than in the peripheral arteries in
control, hypoxic, and recovery animals. The
endothelial NOS immunoreactivity was similar
in veins of all sizes and was not altered by
hypoxia. In arteries changes were seen with
hypoxia and during recovery.
In the arteries at bronchiolar level, in all nor-

moxic piglets, some of the endothelial cells in
most of the arteries contained endothelial NOS
(fig 1) (table 1). The highest value of endothe-
lial NOS was present at 3 days of age, when
over half of the endothelial cells stained
positively in 80% of bronchiolar arteries. The
number of arteries with this large amount of
NOS decreased in the older control animals (6
and 17 days).
In animals made hypoxic from birth the

endothelial NOS immunoreactivity was re-
duced at bronchiolar level. Fewer arteries
showed maximum staining (P<0.05) com-
pared with normal lungs at 3 days (fig 1). By
contrast, in those animals made hypoxic from 3
to 6 days, endothelial NOS immunoreactivity
was increased. More arteries had endothelial
NOS in 51–100% of their endothelial cells at 6
days (P<0.05) than did the normal lung at the
same age. In those made hypoxic from 14–17
days, the amount of endothelial NOS was
similar to that in normal animals of the same
age. Thus in the arteries accompanying bron-
chioli the response to chronic hypobaric
hypoxia varied according to the age at the onset
of exposure. The same pattern of change was
seen in arteries accompanying terminal bron-
chioli, respiratory bronchioli, alveolar ducts
and alveoli (table 1). In the smallest arteries,
those accompanying the alveoli, there was
almost no staining in animals exposed to
hypoxia from birth, while in the normal lungs
at 3 days over half of the arteries had 51–100%
of the endothelial cells showing NOS immuno-
reactivity. For those animals made hypoxic

Figure 2 NOS score (SD) for control and hypoxic animals in arteries at the level of the
bronchioli, terminal bronchi, respiratory bronchioli, alveolar ducts, and alveoli.
*P<0.05 compared with control 3 day olds; +P<0.05 compared with control 6 day olds.
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Table 2 Mean (SD) percentage of arteries containing diVerent amounts of eNOS within endothelial cells

Artery level 0-2.5H+1R 0-2.5H+3R 0-2.5H+6R 3-6H+1R 3-6H+3R 3-6H+6R 14-17H+1R 14-17H+3R 14-17H+6R

Bronchiolus
0 15 (1.4) 7 (10.4) 15.5 (6.4) 14 (15.6) 16 (7.2) 19.8 (14.9) 8.5 (2.1) 15.7 (5.1) 13 (7.8)
1-50 51 (9.9) 24.3 (21.8) 52 (16.04) 42 (21.2) 42 (4.4) 44.2 (21.5) 37 (5.6) 43.3 (9.9) 45.5 (5.1)
51-100 34 (8.4) 68.7 (30.5) 43.5 (36.1) 43.5 (36.1) 42 (10.5) 36 (35.2) 54.5 (7.8) 41 (7.5) 41.5 (5)

Terminal
bronchiolus
0 22 (12.7) 8.3 (9.6) 22.5 (8.3) 16 (15.6) 28 (30.3) 23.7 (20.4) 14.5 (7.8) 29.7 (19.1) 15 (13.1)
1-50 60 (14.1) 45.3 (23.0) 60.2 (11.6) 44 (12.7) 45.7 (8) 47.8 (11.6) 29 (15.6) 54.3 (20.8) 60.25 (14.5)
51-100 18 (1.4) 45.7 (28.0) 17.2 (13.6) 40 (28.2) 26 (22.7) 24.5 (29.4) 56.5 (27.3) 17.7 (18.1) 24.75 (22.4)

Respiratory
bronchiolus
0 28.5 (10.6) 6.7 (5.9) 39.7 (10.3) 22 (19.8) 27.7 (18.6) 27 (18.2) 14.5 (7.8) 21.3 (7.2) 24.25 (12.6)
1-50 70 (8.4) 54.3 (21.8) 47.2 (11.4) 53 (15.5) 51.3 (14.8) 47.5 (14.4) 58.5 (7.8) 70.7 (6.7) 50.75 (11.5)
51-100 1.5 (2.1) 39 (2.7) 13 (9.3 25 (35.3) 25 (35.3) 24.7 (32.9) 27 (0) 8 (7) 24.5 (14.1)

Alveolar duct
0 49 (1.4) 9 (5.2) 56.2 (31.5) 41.5 (12.02) 38.5 (7.6) 36.2 (17.1) 35 (7.1) 49.7 (18.0) 39 (26)
1-50 41 (5.3) 46 (14.4) 37.2 (27.9) 31 (19.8) 50 (3) 47.8 (15.1) 44.5 (10.6) 43.7 (10.1 40 (11.7)
51-100 9.7 (3.9) 45 (16.5) 6.5 (14.5) 22.5 (31.8) 10.3 (5.8) 16 (19.1) 20.5 (17.7) 6.7 (8.3) 21 (16.3)

Alveoli
0 100 73.7 (25.1) 98 (4) 100 100 100 77.5 (31.8) 90.3 (16.7) 92.5 (5)
1-50 0 21.3 (25.7) 2 (4) 0 0 0 22.5 (31.8) 9.7 (16.7) 7.5 (5)
51-100 0 4.7 (8.1) 0 0 0 0 0 0 0

H = Days of hypoxia; R = days of recovery.
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from 3–6 days, at 6 days of age 40% of these
arteries, rather than the normal 3.5%, were
immunoreactive for endothelial NOS in over
half the endothelial cells.
The mean score for the amount of endothe-

lial NOS in arteries at each level, in both the
control and hypoxic animals, showed a de-
crease from proximal to distal arteries at all
ages (fig 2). In the normal animals the score
increased at 3 days (P<0.05), as reported

before2 (figs 2 and 3). After exposure to
hypoxia from birth (fig 3) this increase was not
seen and at the end of hypoxic exposure the
NOS score was reduced compared with that in
the control 3 day olds (P<0.05 at all levels).
The score was less than that seen at birth
(P<0.05). After hypoxic exposure from 3–6
days, the score was higher than in the normal at
6 days of age (P<0.05 at all levels) (figs 2 and
4A). After 14–17 days of hypoxia the score was
not significantly diVerent from control values
at 17 days at any level (figs 2 and 4B).
After exposure to hypoxia from birth to 2.5

days there was no change in endothelial NOS
staining after one day of recovery in room air,
but after three days the staining was increased
in vessels from bronchiolar to alveolar duct
level (table 2 and fig 3). In these 6 day old ani-
mals the NOS score was significantly greater
than immediately after hypoxia (P<0.05 at ter-
minal bronchiolar, respiratory bronchiolar, and
alveolar duct levels) and only slightly less than
the score in the normal at three days in arteries
from bronchiolar to alveolar duct level. After 6
days of recovery, when the animals were 9 days
old, the NOS score had decreased to to almost
the level in the normal lung at 6–17 days of age.
On recovery from hypoxic exposure from

3–6 days the NOS score had decreased signifi-
cantly by three days of recovery (P<0.05 for all
levels), was close to the normal for age, and
showed little further change (fig 4A). On
recovery from 14–17 days of hypoxia (fig 4B),
there were no significant changes in NOS score
from normal, but there was some increase in
endothelial NOS immunoreactivity after one
day of recovery in that there were arteries at

Figure 3 NOS score (SD) for control (C), hypoxic (H),
and recovery (R) animals at each arterial level in 0–2.5
day hypoxic group. *P<0.05 compared with control 3 day
olds; +P<0.05 compared with 2.5 day hypoxic animals.

100

0
NB

N
O

S
 s

co
re

50

3C 2.5H +1R

Bronchiolar
arteries

75

25

+3R +6R
100

0
NB

50

3C 2.5H +1R

Terminal
bronchiolar
arteries75

25

+3R +6R
100

0
NB

50

3C 2.5H +1R

Respiratory
bronchiolar
arteries75

25

+3R +6R
100

0
NB

50

3C 2.5H +1R

Alveolar duct
arteries

75

25

+3R +6R
100

0
NB

50

3C 2.5H +1R

Alveolar
arteries

75

25

+3R +6R

*

*

*

*

*

0�2.5 day hypoxia

Figure 4 NOS score for control (C), hypoxic (H), and
recovery (R) animals at respiratory bronchiolar level in
(A) 3–6 day hypoxic group and in (B) 14–17 day hypoxic
group. *P<0.05 compared with 6 day old controls;
+P<0.05 compared with 6 day hypoxia.

100

0
6C

N
O

S
 s

co
re

50

6H +1R

75

25

+3R +6R

*

3�6 day hypoxiaA

17C 17H +1R +3R +6R

100

0

N
O

S
 s

co
re

50

Respiratory bronchiolar
arteries75

25

14�17 day hypoxiaB

Respiratory bronchiolar
arteries

Endothelial NO synthase in hypoxic newborn pig lungs F19

http://fn.bmj.com


alveolar level with endothelial NOS in their
endothelial cells which is not a feature of the
normal lung at this age (table 2).
Thus in animals exposed to hypobaric

hypoxia from birth the overall amount of
endothelial NOS, as shown by the mean NOS
score for all arteries (fig 5), did not increase as
it does in the normal lung immediately after
birth (P<0.05, three day control vs 2.5 days of
hypoxia), but on recovery, a transient increase
was seen after three days (P<0.05, compared
with hypoxia), mirroring that seen after three
days in normal animals. The amount of
endothelial NOS remained high in animals
exposed to hypoxia from days 3 to 6 instead of
decreasing as in normal animals, but after one
day of recovery it had decreased to normal.
Hypoxia had little eVect on the amount of
endothelial NOS in those animals exposed
from 14–17 days when the normal mature low
concentration of endothelial NOS had been
reached before hypoxic exposure.

Discussion
In normal piglets more pulmonary arterial
endothelial NOS is present at birth than is seen
in adult pigs. The amount increases to reach a
maximum at 2 to 3 days and then decreases
during the next 10 days of life.2 The present
study shows that exposure to chronic hypo-
baric hypoxia alters this pattern of change, the
response varying according to the age at the
onset of exposure to hypoxia. Pulmonary arte-
rial endothelial NOS was always present,
although it decreased in amount in animals
exposed to hypoxia from birth. Thus the failure
of endothelium dependent acetylcholine in-
duced relaxation in the isolated pulmonary
arteries of chronically hypoxic newborn piglets,
studied using the same experimental model5

and in some instances the same lung as used in
the present study, cannot be attributed to
absence of endothelial NOS. In these physi-
ological studies the endothelium independent
relaxation to NO and Zaprinast was also

impaired despite normal basal and stimulated
generation of cGMP. Further studies are
clearly indicated.
In the adult rat lung gene expression for

endothelial NOS is upregulated in the alveolar
arteries after three weeks of normobaric
hypoxic exposure.12 Russ and Walker13 sug-
gested that chronic hypoxia in adult rats
enhanced the relaxant response to acetylcho-
line. Others have shown an increase in the
vasoconstrictor response to the NOS inhibitor
L-NAME, implying increased NO release, and
an increase in NO products in the lung effluent
after hypoxia.14 Other investigators report
impaired acetylcholine induced relaxation fol-
lowing chronic hypoxic exposure in the adult
lung,15–18 as did we in the newborn lung.5 This
observation is not incompatible with the
continued presence of endothelial NOS and
even of its upregulation. The excessive contrac-
tion of pulmonary arterial smooth muscle cells
in an hypoxic environment may stimulate
excessive NO release.19 Shear stress will
increase in contracted vessels and an increase
in shear stress also increases NO
production.20 21 The balance of evidence sug-
gests that NO production is at least normal
during chronic hypoxia but that endothelium
dependent relaxation is impaired. This sug-
gests that other parts of the NO eVector system
are altered. Thus there may be a “threshold
eVect,” the smooth muscle cells requiring a
considerably greater amount of NO than the
normal lung to eVect relaxation, or there may
be an increase in the breakdown of NO by oxy-
gen free radicals. Inhalation of NO is eVective
in lowering the pulmonary arterial pressure in
hypoxic newborn infants and in acutely hy-
poxic newborn piglets.6 8 A relative lack of the
NO substrate L-arginine in animals not
responding is suggested by studies which show
a reduction in pulmonary arterial pressure in
fetal sheep infused with L-arginine.22 The pro-
duction of endothelial NOS and release of NO
could be reduced if the endothelial cells were
abnormal in structure after hypoxia. Ul-
trastructural studies have shown cytoskeletal
abnormalities in enlarged endothelial cells in
the newborn hypoxic piglet23 and the endothe-
lial cells of hypoxic rats have an increased rep-
lication rate and an increase in cell size with
changes in component parts.24 The endothelial
cells of babies with chronic hypoxic lung
disease25 and those of adults living at high alti-
tude also show morphological abnormalities.26

In the present study the amount of endothe-
lial NOS staining in the pulmonary arteries at
the end of hypoxic exposure depended on the
age at onset of exposure. When exposed to
hypoxia from birth, by 2.5 days there was less
endothelial NOS than in normal newborn pig-
lets. Fetal sheep also show a reduction in
endothelial NOS when the animals were made
pulmonary hypertensive in utero by ligation of
the ductus arteriosus.27 28 Thus unlike adult
pulmonary arterial endothelium, fetal endothe-
lium may be unable to maintain endothelial
NOS synthesis in the presence of an exagger-
ated increase in pulmonary arterial pressure
and the newborn piglet may have responded to

Figure 5 Mean (SD) NOS score for the three hypoxic groups. *P<0.05 compared with
controls of the same age; +P<0.05 compared with hypoxia.
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chronic hypoxia as though it was still a fetus.
Structurally, the porcine pulmonary arteries
after 2.5 days of hypoxia resembled those of the
fetus at term.9 23

In animals made hypoxic from days 3 to 6,
the endothelial NOS immunoreactivity was
greater than in the normal animal at 6 days,
and similar to that seen at the onset of
exposure. Rather than there being an increase
in endothelial NOS production, as in experi-
mental adult animals, it seems more likely that
exposure to chronic hypoxia prevented the
reduction in endothelial NOS normally seen
during this time interval. Exposure to hypoxia
from days 14–17 had little eVect in endothelial
NOS immunostaining. The larger pulmonary
arteries did show some increase in endothelial
NOS immunostaining at 17 days, but the
smaller arteries did not. By day 14, adaptation
to extrauterine life is complete in the porcine
lung and exposure for more than three days
might have produced a response more similar
to that seen in adult rats.12

The similarity of endothelial NOS immu-
nostaining in the normal and hypoxic pulmo-
nary veins suggest that venous endothelial
NOS may be more stable than arterial
endothelial NOS in the newborn porcine lung.
Basal release of NO from the veins of newborn
lambs is thought to make an important contri-
bution to achieving and maintaining a low pul-
monary vascular resistance after birth29 and the
NOS inhibitor L-NAME has a greater eVect on
ovine pulmonary veins than on the pulmonary
arteries30 The production of endothelial NOS
seems to be reduced in the pulmonary veins of
the chronically hypoxic adult rat and ferret,31 32

but the pharmacological response of the
newborn porcine pulmonary veins to chronic
hypoxia has not been studied.
Like the response to hypoxia, the response to

recovery also varied according to the age of the
animal at the onset of hypoxic exposure. In
animals exposed to hypoxia from birth en-
dothelial NOS immunostaining increased rap-
idly after three days of recovery in room air, the
animals responding to room air as though they
were newly born, because endothelial NOS
immunostaining increases in normal piglets at
3 days of age. Endothelial NOS immunostain-
ing then decreased to the lower level seen in
older normal animals. Those exposed from 3–6
days of age showed a rapid reduction in
endothelial NOS immunostaining to the nor-
mal lower level after one day of recovery and
those exposed from 14–17 days showed little
change in hypoxia or recovery.
The clinical implications of these findings

are encouraging, suggesting as they do that
babies who have sustained a perinatal hypoxic
insult may retain endothelial NOS during the
injury, although failure of endothelial NOS to
rise normally in those exposed to hypoxia from
birth may contribute to persistent pulmonary
hypertension of the newborn. The surge in
endothelial NOS production after oxygenation
has been achieved is also encouraging. In
animals first allowed to adapt to extrauterine
life and then exposed to hypoxia at 3 days of
age, endothelial NOS immunostaining re-

mained as high during exposure to hypoxia as it
was during the earlier period of postnatal
adaptation. It is dangerous to extrapolate find-
ings from an intrinsically healthy animal with
normal lung parenchyma to sick babies with
parenchymal lung disease, often born prema-
turely, but the findings support the present
management policy of targeting the pulmonary
arterial smooth muscle cells with nitric oxide
until greater understanding of endothelial dys-
function oVers additional, possibly alternative
modes of therapy.
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