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ABSTRACT. Although smooth muscle is abundant in the PVR decreases dramatically when ventilation is initiated at 
pulmonary vessels of young animals at birth, it is not clear birth (1-7). This is likely a consequence of mechanical distention 
if these vessels respond more vigorously to hypoxia than of the lung (1, 2), increased oxygen tension (1, 2), and release of 
the less muscular vessels of older neonates. To determine dilator PG (2-6). Subsequent decreases in normoxic PVR have 
the effect of age on the pulmonary vascular response to been well documented in the growing piglet (7) and in other 
hypoxia during the neonatal period in a single species, we species (2, 8, 9). In contrast, age-related changes in HPV are less 
measured the steady-state stimulus-response relationship clear. It has been suggested that the extent of arteriolar muscu- 
between inspired oxygen tension (200, 50, 30 and 0 mm larization determines the vigor of HPV (10-12). In this case, the 
Hg) and pulmonary artery pressure-flow curves in isolated newborn animal with its highly muscularized vessels (2, 7, 9, 10) 
blood perfused lungs from 2- to 4- and 12- to 14-day-old should have a more vigorous hypoxic response than the older 
lambs. Hypoxic vasoconstriction was attenuated in the animal. Although some studies show an age-dependent decrease 
younger newborns at an inspired oxygen tension of 50 mm in HPV (8, 13), others report an increase with age (10, 14, 15). 
Hg, but not at the other oxygen tensions. To determine if One possible explanation for these apparently conflicting re- 
this age-related difference was due to differences in mod- sults is that the vigor of HPV may be influenced by factors other 
ulation of hypoxic vasoconstriction by cyclooxygenase than vascular muscularization. For instance, there could be age- 
products, we assayed the metabolite of prostacyclin, 6- dependent differences in the modulation of HPV by pulmonary 
keto-prostaglandin El, in the perfusate and determined the vasodilators. Although vasodilators such as PGI, are released 
effects of indomethacin (40 pglml) on the hypoxic stimulus- during HPV in both young neonates and mature animals (1 6, 
response relationship. There was no age-related difference 17), the action and metabolism of various PG may vary with age 
in perfusate concentration of 6-keto-prostaglandin El, at (18, 19). For example, the vasodilator PGE2 (20) is more slowly 
any oxygen tension. However, indomethacin reversed the metabolized in the neonate (18). PGD2 is a pulmonary vasodi- 
age-dependent attenuation of hypoxic vasoconstriction at lator in neonatal lambs, but a vasoconstrictor in older animals 
inspired oxygen tension = 50 mm Hg such that in indo- (21-23). Such differences may be partially responsible for the 
methacin-treated lungs pulmonary vasomotor tone was variable effects of cyclooxygenase inhibition on the developing 
higher in 2- to 4-day-old lungs than in 12- to 14-day-old pulmonary vasculature. In the intact pig, meclofenamate in- 
lungs. This marked enhancement of hypoxic reactivity by creased normoxic PVR at 5-12 days of age, but had no effect 
indomethacin in the younger lambs suggests that in isolated between 13 and 88 days of age (24). Despite this age-related 
neonatal lamb lungs cyclooxygenase products exerted a difference, meclofenamate did not alter HPV in either age group 
vasodilatory modulation of hypoxic vasoconstriction that and there was no effect of age on HPV (24). In goats, indometh- 
decreased with age. (Pediatr Res 23: 580-584, 1988) acin-enhanced normoxic PVR in perfused left lower lobes of 

both premature and mature newborns; however, in this species 
Abbreviations HPV was potentiated in both age groups (25). In isolated perfused 

lungs from 2- to 3-month-old lambs, however, there was no effect 
6-keto-PGF,,, 6-keto-prostaglandin F,, of indomethacin on steady-state pulmonary pressures during 
PVR, pulmonary vascular resistance graded hypoxia (26, 27). 
HPV, hypoxic pulmonary vasoconstriction The purpose of our study was 2-fold: first to determine if the 
PG, prostaglandin pulmonary vascular response to hypoxia changed during the 
Ppa, pulmonary arterial pressure neonatal period in a single species, the sheep, and second, to 
PGI,, prostacyclin determine if HPV in this species was modulated by dilator PG 
LT, leukotriene in an age-dependent fashion. 
P/Q curves, pressure-flow curves 
PiOz, inspired oxygen tension 

constant flow METHODS 

Pulmonary vasomotor responses to four levels of Pi0, were 
determined in isolated lungs of 2- to 4- (n = 12) and 12- to 14- 
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This preparation was only slightly modified from that used 
previously for the study of older animals (26-28). Briefly, lambs 
were anesthetized with ketamine (50 mg/kg, intramuscular) and 
supplemental oxygen was provided by a loose-fitting mask. Fem- 
oral venous and arterial catheters were inserted and a tracheot- 
omy performed. Pancuronium bromide (0.1 mg/kg, intravenous) 
was administered and ventilation with a warm, humidified hy- 
peroxic gas mixture was initiated with an animal ventilator 
(Harvard, model 6 13) at a tidal volume of 1 5 ml/kg, rate of lo/ 
rnin and end-expiratory pressure of 4 mm Hg. Heparin (3000- 
5000 U, intravenous) was administered and the lamb was exsan- 
guinated rapidly via the femoral artery catheter. As exsanguina- 
tion progressed, the gas mixture was adjusted to 5.4% C02, 28% 
02,  and balance N2. A median sternotomy was performed and 
the ductus arteriosus ligated in all animals. When exsanguination 
was completed (about 5 min), the left atrium and pulmonary 
artery were cannulated and perfusion was initiated with a mixture 
of autologous blood and 3% Dextran-70 in Ringer's lactate 
(hematocrit 16-20%). The time of pulmonary ischemia was 12- 
17 min. 

The perfusate was pumped (Sarns, model 3500) from a reser- 
voir at a Q of 50 ml/kg.min (all weights refer to body weight) 
through a heat exchanger (Travenol Miniprime Pediatric), bub- 
ble traplfilter, and flow probe (Carolina Medical Instruments, 
model EP300A) into the pulmonary artery. Perfusate drained 
from the left atrium to the reservoir that was held below the level 
of the lungs to ensure subatmospheric pulmonary venous pres- 
sure. During perfusion, we noted retrograde flow of the perfusate 
from the pulmonary circulation to the aorta, presumably via the 
bronchial artery. This anastomotic flow was returned to the 
reservoir via the femoral artery catheter previously inserted into 
the thoracic aorta for exsanguination of the lamb. 

Ppa, left atrial, and tracheal pressures (Statham transducer 
models P50 and PMSE), as well as flow (Carolina Medical 
Instruments Flowmeter, model 501), and inspired O2 and C02 
tensions (Beckman OM 1 1, LB2) were constantly measured and 
recorded (Grass Polygraph, model 7). At the beginning of per- 
fusion, and at each Pi02 during the experiment, perfusate blood 
gases (Radiometer BMS3 MK2), hematocrit, and glucose con- 
centrations (Dextrostix) were determined. The pH was main- 
tained in a normal range by the addition of 1 M NaHC03. 
Glucose concentration was maintained between 90 and 130 mg/ 
100 ml by addition of 50% glucose in water. 

After a 40-min stabilization period (Pi02 = 200 mm Hg, PiC02 
= 38 mm Hg), the first hypoxic challenge was begun. To avoid 
time or order-dependent effects, each preparation within a group 
was exposed to a different order of hypoxic challenges (Pi02 = 
50, 30, and 0 mm Hg) with a return to Pi02 = 200 mm Hg after 
each hypoxic challenge. After a 10-min stabilization period at 
each PiO,, P/Q curves were determined. The ventilator was 
turned off at end expiration (tracheal pressure = 4 mm Hg), a 
stand-pipe in the system was opened and filled by increasing flow 
to 150 ml/kg. min. After Ppa had stabilized (about 10 s), the 
pump was turned off and the stand-pipe allowed to empty across 
the pulmonary vasculature while Ppa and Q were recorded on 
an X-Y plotter (Hewlett Packard, model 7044A). The stand-pipe 
was then closed, ventilation and perfusion resumed, and the 
lungs hyperinflated. These P/Q curves were measured every 5 

rnin until.two consecutive curves fell within 1 mm Hg of each 
other at Q = 50 ml/kg.min (Ppa,,), defining the steady-state 
response to that Pi02. The next Pi02 was then administered and 
the process repeated until all six exposures were completed. 

At each Pi02 the Ppa at flow = 10, 30,. 50, 70, 90, and 110 
ml/kg. min were determined from the P/Q recording obtained 
when the steady-state response had occurred. This permitted 
determination of mean P/Q curves at each Pi02. The curves 
measured during the three exposures to an O2 tension of 200 
mm Hg were averaged in each preparation. The Ppa at flows = 
0, 130, and 150 ml/kg. min were not included because of the 
noise of the pulmonary artery signal immediately after stopping 
the pump (flow = 150 and 1 30 ml/kg min) and the difficulty in 
determining the exact pressure at zero flow. 

At 40 min and after each steady-state response had occurred, 
a sample of perfusate (4.5 ml) was collected for PG analysis in 
tubes containing 5 g of indomethacin and 7.2 mg of EDTA. 
After centrifugation, the supernatant was stored at - 16" C until 
radioimmunoassay for 6-keto-PGF,, was performed as previ- 
ously described (26, 27). 

All results are expressed as means. f 1 SE. The differences in 
effects of graded hypoxia on the P/Q curves and on concentra- 
tions of 6-keto-PGF,, among groups were compared by split- 
plot design analysis of variance. Other characteristics of each 
group were compared by one-way analysis of variance (29). 
Differences were considered significant when p 5 0.05. 

RESULTS 

There were no differences between groups in terms of mean 
hematocrit (16-20%), mean perfusate temperature (37.8-38.5" 
C), tidal volume (15 ml/kg body weight), ventilator rate (101 
rnin), peak or end-expiratory tracheal pressures (10-12 and 4 
mm Hg, respectively) or duration of the study (1 90-2 12 min). 
The mean weight of the older lambs (8.0 + 0.7 kg) was greater 
than that of the younger (5.0 + 0.05 kg). Perfusate PO2, PC02, 
and pH did not differ between groups at any Pi02 (Table 1). 

The P/Q relationships measured at different inspired O2 ten- 
sions in the 2- to 4- and 12- to 14-day-old lambs are shown in 
Figure 1. Three-way analysis of variance (age, Pi02, and Q) of 
these data revealed a significant effect of age Cp < 0.01) on the 
stimulus-response relationship between Pi02 and the P/Q curves. 
To facilitate comparisons between ages, we quantified the re- 
sponse at each Pi02 by measuring pulmonary artery pressure at 
a flow of 50 ml/kg. rnin ( P P ~ ~ ~ ) .  Figure 2 shows the stimulus- 
response relationship between Pi02 and Ppaso measured directly 
from individual P/Q curves in both age groups. In both groups, 
mean Ppaso increased as the Pi02 was decreased from 200 to 30 
mm Hg. Further decreases in Pi02 below 30 mm Hg caused the 
Ppaso to fall. This biphasic curve is similar to that reported in 
the pig, ferret, cat, rabbit, and older lambs (27, 28). The only 
difference between the two age groups was observed at a Pi02 of 
50 mm Hg, where the response was less in younger lambs. 

The P/Q curves measured at each Pi02 in lungs treated with 
indomethacin were also analyzed by three-way analysis of vari- 
ance. As in the control lungs, there was a significant effect of age 
( p  < 0.05) on the stimulus-response relationship between Pi02 

Table 1. Perfusate gases at each Pi02 (mean f SE) * 

Age (day) 200 50 30 0 pH (mean) PCo2 (mean) 

* The perfusate PO2 at each Pi02 as well as mean pH and PC02 are shown for each group. Only the effects of POz were significant within groups. 
There were no differences between groups. 
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Fig. 1.. Effects of age on P/Q curves in response to different levels of 
Pi02. P/Q curves for control lungs from 2- to 4-day-old ( A )  and 12- to 
14-day-old (B) lambs are shown at four different inspired Oz tensions 
(PiOz = 200, 50, 30, 0 mm Hg). 
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Fig. 2. Stimulus-response relationships between PiOz and Ppaso. 
Mean stimulus-response relationships for 2- to 4- and 12- to 14-day-old 
lambs are shown. 

and the P/Q curves. To determine whether there was an age- 
dependent effect .of indomethacin on hypoxic vasoconstriction, 
we compared P/Q curves from control and treated lungs at each 
Pi02 (Fig. 3). At Pi02 = 200 mm Hg (Fig. 3A), there were no 
differences due to age or indomethacin. At Pi02 = 50 mm Hg 
(Fig. 3B), indomethacin had no effect in 12- to 14-day-old lambs, 
but markedly enhanced vasoconstriction (i.e. shifted the P/Q 
curve to higher pressures) in the 2- to 4-day-old lambs. This 
marked effect reversed the influence of age: vasoconstriction was 
enhanced by increasing age in control lungs but diminished by 

increasing age in indomethacin-treated lungs. This striking re- 
versal of the effects of age by indomethacin was not observed at 
other levels of 02. At Pi02 = 30 mm Hg (Fig. 3C), there was no 
effect of age; however, indomethacin enhanced vasoconstriction 
by equal amounts in each age group. At Pi02 = 0 mm Hg (Fig. 
3D), both indomethacin and age independently altered the P/Q 
curves but the analysis of variance revealed that the effects of 
indomethacin were not altered by age. 

The mean perfusate concentrations of 6-keto-PGF,,, the stable 
hydrolysis product of PG12, were not different in the control 
lungs of 2- to 4- as compared to 12- to 14-day-old sheep (Table 
2). Furthermore, there was no significant change in concentration 
of 6-keto-PGF,, with hypoxia in either age group. The addition 
of indomethacin markedly reduced the concentration at both 
ages ( p  < 0.001), indicating effective cyclooxygenase inhibi- 
tion.For example, the concentrations of 6-keto-PGF,, measured 
at the end of perfusion of indomethacin-treated lungs were 0.9 
f 0.1 and 1.3 + 0.2 ng/ml at 2-4 and 12-14 days of age, 
respectively. 

DISCUSSION 

The developmental aspects of HPV have been studied using a 
variety of species, ages, and methods. These studies have yielded 
differing results (8, 10, 13-1 5, 24). Rendas et al. (10) described 
an increase in hypoxic reactivity in intact piglets between 2-4 
wk and 6 months and correlated this with peripheral extension 
of arterial smooth muscle to the acinar level. Owen-Thomas and 
Reeves (14) reported an increase in HPV between 1 and 9-1 1 
days in isolated pump-perfused lungs of rabbits. Recently Fike 
and Hansen (1 5) have extended this finding to show an increase 
in HPV between 3-8 and 10-14 days in isolated rabbit lungs. In 
contrast, Reeves and Leathers (8) observed a decrease in hypoxic 
pulmonary artery pressure in intact growing calves. By measuring 
the diversion of flow from the hypoxic to the normoxic lung in 
sheep, Custer and Hales (13) concluded that HPV was more 
vigorous at 3-21 days than at 2-3 yr of age. Finally, Redding et 
al. (24) found no developmental differences in HPV in intact 
piglets at 5-12 and 13-88 days of age. Herein we found a 
significant effect of age on the relationship between Pi02 and the 
pulmonary vascular P/Q curve (Fig. 1). This difference was 
observed at PiOl = 50 mm Hg where the hypoxic vasoconstrictor 
response in lungs from 2- to 4-day-old lambs was less than that 
of lungs from 12- to 14-day-old lambs (Fig. 2). Thus, our results 
suggest that there is an increase in hypoxic reactivity with age, 
in agreement with those reported in isolated rabbit lungs (14, 
15). 

There are several potential reasons for the apparent differences 
between our results and those of others who did not find that 
HPV increased with age. Clearly, the extrapulmonary neuroen- 
docrine modulation of pulmonary vasomotor tone in intact 
animals could explain the difference between intact and isolated 
preparations such as ours. Differences in species may also be 
important. For example, comparable developmental stages occur 
at different ages in different species (7). The level of oxygen 
tension used as a stimulus for HPV has varied. As demonstrated 
by our results, we could have reached a different conclusion had 
we studied but one level of Pi02; e.g. 30 mm Hg, where no 
differences were found. Finally, we measuredJhe resistive char- 
acteristics of the pulmonary vasculature by P/Q curves generated 
over a wide range of flows when the response to hypoxia had 
attained a steady-state. Relative to other studies, this approach 
may have eliminated potential inaccuracies resulting from insuf- 
ficient time to allow a complete hypoxic response to develop, as 
well as from using simply the ratio of pressure to flow or pressure 
at constant flow to quantify the pulmonary vascular response 
(30). 

In many species medial muscle thickness of pulmonary arte- 
rioles is greatest immediately postnatally (7, 3 1, 32). The medial 



NEONATAL HPV 

120- 120- 
110.- 110-- C--O -A A- 

100.- loo-- / /,: / /  

,- 
.;. 90.- 

80 - -  ,- 

0-0 2-4 COHlROL 

*--a 2-4 INDO 

A-A 12-14 Cot i lPSi  

.--A 12-141NDO 
A-A 12-14 CONTROL 

10.- CO + &--A 12-141NDO 
0 * : : : : : : : : 1  0 7 : : : : : : : : i  

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 JO 35 40 45 

PULMONARY ARTERY PRESSURE (mmHg) PULMONARY ARTERY PRESSURE (mmHg) 

loo llOi -r/- ;- 

50 
0-0 2-4 CONTROL 

a- -a  2-4 IN00 

20 A-A 12-14 CONTROL A-A 12-14 CONTROL 
10 A- - A  12-14 10 A--A 12-14 INDO 

PULMONARY ARTERY PRESSURE (mmHg) PULMONARY ARTERY PRESSURE (mmHg) 

Fig. 3. Interaction of age and indomethacin on P/Q curves at each PiOz. P/Q curves for control and indomethacin-treated lungs at both ages are 
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Table 2. Perfusate concentration of 6-keto-PGF,, (nglml) (mean 
+ SE) 

Pi02 (mm Hg) 

Aae (dav) 200 50 30 0 

2-4 15.3 + 4.4 19.1 + 6.2 16.6 & 5.4 14.3 * 6.2 
12-14 18.0 + 5.8 14.6 + 5.5 22.4 k 8.9 16.0 + 8.8 

*The values at each Pi02 are shown for control groups at each age. 

muscularization of these arterioles has been shown to involute 
with age. Inasmuch as vascular responsiveness to hypoxia among 
species has been related to the degree of vascular muscularization 
(1 I), this suggests that HPV should be greater in younger animals. 
If the pulmonary vasculature of sheep undergoes the same in- 
volution seen in other species, then some mechanism other than 
muscularization is required to explain why HPV was depressed 
in the isolated lungs of our younger lambs. 

Many studies suggest that dilator PG may contribute to the 
normally low PVR occurring during normoxia and may modu- 
late HPV (6, 16, 17, 24, 25, 33-35). Potent prostanoid vasodi- 
lators, which contribute to the decrease in PVR after birth (3- 
6), modulate the hypoxic pressor response in older animals of 
several species (1 7,33-35). Tyler et al. (25) observed potentiation 
of HPV by indomethacin in isolated perfused left lower lobes of 
perinatal goats. This potentiation may have been greater in lungs 
of premature newborns than in lungs of mature newborns (25). 
In contrast, Redding et al. (24) did not observe an age-related 
difference in HPV in intact piglets either before or after meclo- 
fenamate. However, they found that meclofenamate significantly 
increased normoxic PVR in piglets 5-12 days old, but had no 
effect in older piglets. Our results showed that indomethacin 
markedly diminished perfusate 6-keto-PGF,, levels, indicating 
effective blockade of cyclooxygenase, and enhanced HPV at Pi02 
= 30 and 50 mm Hg (Fig. 3 B and C); however, indomethacin 

altered the effect of age only at a Pi02 of 50 mm Hg. At this 
Pi02, indomethacin reversed the age-related increase in HPV 
seen in control lungs, such that in indomethacin-treated lungs 
the P/Q curve in 2- to 4-day-old lambs was shifted to the right 
of the curve in older lambs (Fig. 3B). These results suggest that 
at a Pi02 of 50 mm Hg dilator PG modulated HPV to a greater 
extent in younger lambs. 

Inasmuch as prostacyclin is a potent pulmonary vasodilator 
reported to modulate the hypoxic response in other species (17, 
33-35), we assayed perfusate samples for 6-keto-PGF,,, the stable 
metabolite of PG12. The concentrations of 6-keto-PGF,, were 
not different in the two age groups at any level of O2 (Table 2). 
Despite this, prostacyclin could still be responsible for an age- 
dependent effect of indomethacin if the response of the pulmo- 
nary vasculature to PG12 varied with age in a fashion analagous 
to responses to arachidonic acid (36) and PGF2, (37). At com- 
parable doses of arachidonic acid, newborn lambs showed a 
greater increase in PVR than in ventilaged fetal lambs (36). Also, 
mature newborn goats were more sensitive to PGF2, than pre- 
mature newborn goats (37). 

Another possible mechanism to explain the age-dependent 
effects of indomethacin is the formation of a dilator PG other 
than PG12. Both PGEz and PGD2 cause pulmonary vasodilation 
in the newborn lamb (20, 22, 23). In addition, pulmonary PGE2 
catabolism is low at birth in lambs, but rapidly increases with 
age (1 8). Age-dependent differences in the concentration of either 
of these agents may have contributed to our results. Alternatively, 
there may have been age-related effects of indomethacin not due 
to inhibition of cyclooxygenase. For example, indomethacin may 
divert arachidonic acid to the lipoxygenase pathway leading to 
the vroduction of ~ o t e n t  vasoconstrictor LT (38). Although 

\ ,  

LTD~ is a potent p;lmonary vasoconstrictor in newborn lambs 
(39), this explanation seems unlikely because I) cyclooxygenase 
inhibition blunted the constrictor response to LTD, in adult 
sheep (40) and 2) indomethacin inhibited the pulmonary pressor 
response to arachidonic acid in adult sheep (41) and perinatal 
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lambs (36). Other nonspecific effects of indomethacin are possi- and closure. Evidence for a shift in products with gestational age. Pediatr 
Res 18: 19-24 ble (427 43)' as indomethacin is protein bound, 

19. Simherg N, Uotila P 1983 The metabolism of arachidonic acid in isolated 
the free indomethacin concentration in the perfusate was estl- perfused fetal and neonatal rabbit lungs. Prostaglandins 25:629-638 
mated to be 3-5 pg/ml. At this concentration, indomethacin is 20. Cassin S, Tyler T, Lemer C, Wallis R 1979 Pulmonary and systemic vascular 
thought to act relatively specifically as a cyclooxygenase inhibitor responses of perinatal goats to prostaglandins E, and E,. Am J Physiol 

(42,43). 236:H828-H832 
21. Lock JE, Olley PM, Coceani F 1980 Direct pulmonary vascular responses to 

In summary, we found that the pulmonary vascular response prostaglandins in the conscious newborn lamb. Am J Physiol 238:H63 1- 
to an ins~ired oxv~en tension of 50 mm HE. but not 30 or 0 mm H638 
Hg, increased wit'; age in isolated lungs Fiom neonatal lambs. 
This age-dependent effect was reversed by indomethacin. These 
data suggest that at Pi02 = 50 mm Hg dilator prostaglandins 
modulated HPV to a greater extent in 2- to 4-day-old lambs than 
in 12- to 14-day-old lambs. 
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