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ABSTRACI'. l 'he effect of postnatal age on norepineph- (6-8). Such changes may be important in the mechanism undcr- 
rinc-induced a2-adrenoreceptor-mediated release of endo- lying the reduction in pulmonary vascular resistance that occurs 
thelium-derived relaxing factor in porcine intramuscular at birth. Structural vascular reorganization (9- 1 1). establishment 
pulmonary arteries was studied. Rings of pulmonary artery of ventilation (1 2). and alteration in the local production of 
from fetal, n e ~ r  born, 3-d-, 10-d-, 9-rvk-, and 15-rvk-old pigs vasoactive substances (1 3. 14) may also contribute to the changes 
wit11 and without cndothelium lvcre suspended for isometric that occur in the pulmonary circulation at this time. 
force mcasurcment in Krebs-Ringer bicarbonate solution Previous studies from this laboratory have shown that norcp- 
(37"C, 95% 02-570 C02) .  In 15- and 10-fvk-old pigs, inephrine can produce relaxation by tuz-adrcnoreceptor-me- 
norepinephrine increased tone in arteries with and \vithout diated EDRF release in isolated adult porcine intrapulmonary 
endothelium but produced relaxations at  high concentra- arteries (15). We hypothesized that there arc maturational 
tions only in arterics with endothelium. These relaxations changes in pulmonary arterial cndothclium-dependent tu2-adren- 
were not inhibited by the a,-antagonist prazosin but were oreccptor-mediated relaxation. We investigated this hypothesis 
completely abolished by tlie a2-antagonist yohimbinc and using isolated porcine intrapulmonary arteries from fetal. new- 
the inhibitor of nitric oxide release N-w-nitro-I.-arginine born, 3- and 10-d-old, and 10- and 15-\vk-old pigs. 
methyl ester. This confirms that the norepinephrine-in- 
duced relasations were due to a2-mediated release of en- hlATERIALS A N D  hlETHODS 
dothelium-derived relasing factor. Arteries from only 50% 
of the 10-d-old animals showed endothelium-dependent Intrapulmonary arteries were studied from four fetal pigs (3 
relaxations, and at  3 d of age and younger no rclasations u k  premature) and fiom 30 animals less than 3 h. 3 d, 10 d, 10 
were seen. In animals less tlian 10 d old, only some of the wk, and 15 wk old. Animals received humane care in compliance 
vessels contracted to norepinephrine and the contractile with the 13.irlc.iplc~.s 01' Lrrhor(ilorj. .~lr l ir~~crl  Cirrc. formulated by 
rcsponse was diminished compared with 15-wk-old ani- the National Society of Medical Rcscarch and the Gllirlc~,/i)r rl~cl 
mals, ~ l ~ e r c a s  tlie response to prostaglandin I:2a and his- C'rrrcl cr r lc l  U.scl (J'Lrrhor~rlorj* . ~ I ~ ~ I ? I N / . S  prepared by the National 
tamine was similar in the neonatal group (newborn, 3 d Academy of Science and published by the National Institutes of 
old, and 10 d old). 'I'his group showed a dose-dependent Health (NIH publication no. 80-33, revised 1978). The pigs \vcre 
relaxation to nitric oxide, with 10-d-old animals nlore anesthetized with either sodium pentobarbitone (fetal to 10-d- 
sensitive to nitric oxide tlian newborn animals. I'hus, mat- old animals) or halothane ( 10- and 15-wk-old animals) and killed 
urational changes occur in adrenergic-mediated contrac- by cxsanguination. Fetal and newborn lungs were each obtained 
tion, in the modulation of contractility by endothelial a?- from a single litter: all other lungs were from at  least three litters. 
adrenoreceptors and in the response to nitric oxide. (Pe- The lungs Ivere placed in ice-cold Krebs-Ringer bicarbonate 
diatr Res 3-1: 59 1-595, 1993) (composition in nln~ol:  1 18.3 NaCI. 4.7 KCI. 3.5 CaCI2, 1.3 

MgS04, 1.2 KH2P04, 25 NaHCOj. 0.026 calcium disodium 
'1 bbreviations cdctate, 1 I .  I glucose). The distal portion of the muscular intra- 

pulmonary artery was dissected out and cleaned of connective 
EDRF, cndothelium-derivcd relasing factor tissue before being cut into rings approximately 3-4 m m  long. 
I,NAhll.:, N-U-nitro-I<-argininc In each animal. rings with and without endothelium were stud- 
PGF2,, prostaglandin FZcr icd. The endothelium was removed by gently rubbing the luminal 
EC5o, effective concentration causing 50% of the niasimal surfacc with watcllnlakcr's forceps. Rings \,,ere suspcndcd i n  35- 

contractile response n1L organ baths filled with Krebs solution at 37°C and bubbled 
with 95% 02-5% CO: and attached to a Grass I T 0 3  transducer 
(Crass lnstrumcnt Co.. Quincy, MA). Isometric forces were 
recorded on a model 7 Grass polygraph. 

~h~ endothelium plays an important  in tile regulation of Each ring was stretched progressively to its optimal point on 

vasomotor tone, producing smooth muscle constricting factors the length tcnsion curve as determined by the maximal force 

such as endothelin and factors including EDRF, now developed in response to 40 mmol of  KCI. After optimal tcnsion 

identified as nitr ic  (1-3). The vasodilator action ofsevcral was achieved, the pulmonary artery rings werc equilibrated for I 

substances such as bradykinin, and substance 11 before the experimental protocols werc commenced. At the 
are dependent on the release of such factors (4, 5). end of the experiment, the rings wcrc fixed in glutamldehyde. 

~ ~ ~ ~ ~ ~ ~ i ~ ~ ~ l  have heen demonstrated i n  vasodi- embedded in araldite, cut in I-pm sections. and stained with 
lator to acetylc~loline i n  intrapulnlonary toluidine blue to confirm the presence or  absence of  endothc- 

lium. For cach csperimental protocol. between four and nine 
Rccei\ed Fehruary 14, 1997; acccptcd June 27. 1993. rings ucrc used in each age group, each ring from a ditkrcnt 
Correspondence and reprint requots: I'rofessor S. G. 11a~ortIi. lnstitutc ofchild 

Health. 30 Gullford St., London \VCIN IEH. UK. animal. 
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were obtained by adding the drug in half-log increments. The 
cyclooxygenase inhibitor indomethacin M) was added 30 
min before the experiment and was present throughout the study. 

Norepinephrine concentration responsc curves were also pro- 
duced in rings that had been incubated with either the inhibitor 
of nitric oxidc release. LNAME (3 x M), the nl-adrenergic 
receptor antagonist prazosin ( lo-' M), o r  the a?-adrenergic recep- 
tor antagonist yohimbine (lo-' M). Inhibitors and antagonists 
were added 30 min before the start of the experiment and 
remained present throughout the time the conccntration re- 
sponse curve to norepinephrine was being constructed. Prelimi- 
nary experiments showed that these drugs had no cffcct on 
baseline tone. After completion of the norepinephrine concen- 
tration response curve, rings from newborn. 3-d-old. and IO-d- 
old animals werc washed until the baseline tone was regained 
and then exposed to histamine (lo-' M). 

At the end of all the experiments, sodium nitroprusside was 
given to check that the smooth muscle cells were capable of 
relaxation. Also, in denuded vessels a dose of acetylcholine 
preceded the addition of sodium nitroprusside to  check for the 
absence of endothelial cells. 

In a second series of experiments, pulmonary arterics from 
newborn, 3-d-old, and 10-d-old animals were contracted with 
PGF2,, M) in the presence of indomethacin M). A 
concentration response curve to  nitric oxide to  M 
in log molar increments) was then constructed. 

Nirric o.~ideprc~l~uru!ion. Helium was bubbled through distilled 
water for 3 h to  remove dissolved oxygen. Nitric oxide was then 
bubbled through this solution for 1 h to produce a saturated 
solution of nitric oxide. This was then serially diluted in distilled 
water pregassed with helium. 

Dr1rg.v. The following drugs were obtained from Sigma Cheni- 
ical Company, Poole, UK: +/- norepinephrinc hydrochloride. 
indomethacin, prazosin hydrochloride, yohimbine hydrochlo- 
ride, LNAME, histamine dihydrochloride, and PGF2.,. Nitric 
oxide was obtained from Merck, Poolc, UK. Drugs were added 
in 100-pL aliquots, and the concentrations of drugs arc reported 
as the final molar concentration in the organ bath. 

Dalu ut~u!,:vis. In each experiment with o r  without antagonists. 
the response at each concentration of norepinephrine is expressed 
as a pcrccntage of the maximal contractile response to norepi- 
nephrine obtained. In the case of relaxation responses, results 
are expressed as percentage relaxation of the PGFz,,-induced tone. 
Results are expressed as mean + SD. Where appropriate, the 
EC5,) was calculated for individual curves and the mean of these 
values reported as the negative logarithm of the molar concen- 
tration. The r test was used to compare ECW values and responses 
at  maximal concentrations of norepinephrine. Valucs lcss than 
p < 0.05 were considered significant. 

RESULTS 

At all ages, there was no significant difference in resting tension 
in pulmonary artcrics with endothelium compared with arteries 
denuded of endothelium. There was n o  significant difference in 
the weight of the pulmonary artery rings at  different ages. 

Eficr c!/norc.pincphrit~e. In all 15-wk-old pigs, norepinephrine 
produced a concentration-dependent increase in tone in arteries 
with and without endotheliurn (Fig. la).  However, a t  high con- 
centrations to lo-' M), all arterics with endothelium 
showed a relaxation (Fig. l a ,  Table I). In the presence of the t u , -  

antagonist prazosin (lo-' M), endothclium-dependent relaxa- 
tions to  norepinephrine were still prescnt a t  high concentrations 
(Table 1). Arteries without endothelium showed only a dose- 
dependent increase in tone. In arteries both with and without 
endothclium, the norepinephrine conccntration rcsponse curves 
tended to be shifted to the right in the presence of the antagonist. 
In the presence of the nrantagonist yohimbine M)  arterics 
both with and without endothelium showed only a dose-depend- 
ent increase in tone with norepinephrine, and the conccntration 

Fig. I. Cumulative concentration response curves to norcpincphrinc 
( N E )  in rings of pulmonary artery from 15-wk-old pigs with and without 
cndothclium. Data shown as mean ? SEM. ( I .  Control: h, in the presence 
of yohimbine (lo-"). and c. in the presence of LNAME (3  x 10-' PI.1). 
**. p < 0.05 c o m p ~ r i n g  rings with and \vithout cndothcliun~. 

responsc curves werc significantly shiftcd to  the right (11 < 0.05) 
(Table I ,  Fig. I h). In the presence of the inhibitor of nitric oxide 
release LNAME (3 x M), norepinephrine produced an 
increase in tonc in both artcrics with and without endothelium, 
but no cndothelium-dependent relaxation occurred at high con- 
centrations of norepinephrine (Table 1.  Fig. Ic). 

As in the 15-wk-old animals, in pulmonary artery rings from 
10-wk-old pigs, norepinephrine produccd a concentration-de- 
pendent increase in tone in artcrics with and without endothe- 
lium (Table 2). Only arterics with endothclium showed relaxa- 
tions to norepinephrinc in the dose rangc lo-' to lo-' M (Table 
3). There was no dif i rence in the maximum contraction to 
norepinephrine or  the ECso between the 10- and 15-wk-old 
animals. 

At 10 d of age, norepinephrine increased tone in all pulmonary 
artcrics, both with and without endotheliurn (Table 2). The 
maximum contractile responsc to  norepinephrine was signifi- 
cantly less than in the 15-wk-old animals ( p  < 0.00 1). Only four 
of eight arteries with endothelium showed relaxations to norep- 
inephrine in the conccntration rangc to lo-' M and no 
artery without endothelium relaxed (Table 3). 

At 3 d of age, six of nine pulmonary artcrics with endothelium 
and scven of nine arteries without endothclium responded to 
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Table I . Rc~/(i.v(ii iotl rcJ.s[)otl.sc) i o  t ~ o r c ~ ~ i t ~ c ~ ~ ) l ~ r i t ~ c ~  I F 4  A 1  (1,s (i [)clrc~cvli(lgcJ ~ j ' t ) i (~ .~ i t? i ( i /  rci.s/)otl.\cJ i o  t ~ o r c ~ / ~ i t ~ c ~ / ) / ~ r i t ~ c ~  (i/li/ 1YC50 ./i)r 15- 
,~k-o / r /  citlii?iu/.s ( t~ ic~r r l  + SEA/)* 

With endothelium (11 = 5) Without endothelium (11 = 5) 

Max con! 90 Contr;lction Max cont Contraction 
(8) remaining ECVI (6) remaining - ECqo - 

Control 2.03 + 0.3 1 71.5 + 9.52 6.20 + 0.27 2.23 + 0.35 96.70 + 1.34 6.50 + 0.17 
Prazosin 2.86 + 1.12 79.5 + 5.36t 5.70 + 0.09t 2.40 a 0.58 100 5.70 + 0.13$ 
Yohimbine I .77 ? 0.53 1 00$ 5.40 + 0.094 1.32 + 0.35 98.30 + 1.651- 5.60 + 0.09s 
LNAME 2.63 ? 0.71 98.8 + 0.80f 6.12 + 0.09t 2.07 + 0.62 99.40 + 0.58t 6.30 + 0.13t 

* Max cont, maximum contraction. 
t NS comparcd with the control value. 
$ p < 0.05 compared with the control value. 
# 11 < 0.02 conipared with the control value. 

Table 2. ,21ri.~i/)iuI c~o/l/r(/c.til~ r c l . s ~ ~ o t ~ . s ~  t o  hJl:' \t'iill N ~ C  N I I ~  I<Cso (I)ICLIII k SI:"\/)* 

Rings 
studied Rings con- hlax NE resp 

Age group Endothelium (t l) t  t r ~ c t i n g  (11) (s) ECXI .- 

I5 \+k + 5 5 2.03 + 0.3 1 6.20 + 0.27$ 
- 5 5 2.23 ? 0.35 6.50 * 0.273 

1 0  \vk + 4 4 1.92 a 0.45 5.92 a 0.105 
- 4 4 I .90 2 0.22 6.09 f 0.159 

1 0  d + 8 8 0.32 a 0.1411 5.70 -c 0.14$ 
- 8 8 0.43 + 0.04 5.90 -C 0.17$ 

3 d + 9 6 0.18 + 0.06 11 5.06 + 0. I2 
- 9 7 0.25 + 0.09 5.12 k 0 . 1 5  

Newborn (4 h) + 4 1 0.10 4.50 
- 4 0 0 

Fetal + 4 - 7 0.25 + 0.05 4.90 2 0.34 
- 4 4 0.38 + 0.07 6.30 + 0.70 

* NE. norepinephrine: mas  NE resp, niaximum NE rcsponse. 
t One  ring with and one ring without endothclium per animal. 
$11 < 0.02 compared with 3-d group. 
5 p < 0.0 I comparcd with 3-d group. 
11 11 < 0.001 compared with 15-wk group and with 10-wk group. 

Table 3. Re*/(1.v(i/iotl rcl.s/~ot~.scJ t o  t ~ o r e ~ ~ ~ i t ~ c ~ / ~ l ~ r i t ~ c ~  1 ,if (1,s (1 / ~ c ~ r i ~ i ~ / ~ t ( i , y c ~  (!/'i)1(1.\-i/)1(1/ cotl/r(ict I / (>  rcl.v/)o/l.scl t o  t ~ ~ r e ~ / ~ i / ~ c ~ [ ) / l r i t ~ ~ ~  
-. .. .- - ~ - - . .. . . 

With endothelium Without endothelium 

Rings Rings Rings Rings 
studied relaxing 7; Relaa t ion  studied relaxing 76 Relaxation 

Age group ()I)* 01) response (!I)* 0 1 )  rcsponsc 

15 wh 5 5 7 1.50 + 9.52 5 5 96.70 a 1.34 
10 wh 4 4 83.30 + 5.603 4 3 99.30 + 0.75 
I0 d 8 4 69.30 + 22.10$ 8 8 100 
3 d 9 0 I 003 Y 7 l o o t  
Newborn (<2 h)  4 0 100 4 4 0 
Fetal 4 0 100 4 4 100 

* O n e  ring with and one ring without endothelium per animal. 
t Comparing the response without endothclium at 15 wk, 10 wk. and 10 d. 11 < 0.05. 
$ NS compared with 15 wk. 
$1) < 0.01 compared with 15 weeks. 

norepinephrine with increased tone (Table 2, Fig. 2). The maxi- 
mum contractile response to  norepinephrine was significantly 
reduced comparcd with the 15-wk-old animals ( p  < 0.001). The 
EC5" for arteries both with and without endothelium was signif- 
icantly shifted to  the right compared with the 10-d- and 10- and 
15-wk-old animals. Norepinephrine did not produce relaxation 
in any of the arteries (Table 3). 

In the newborn, less than 2-h-old animals, only one of the four 
pulmonary arteries with endothelium contracted in response to  
norepinephrine, and then only at the maximal dose of lo-" 
(Table 2). None of the pulmonary arteries without endothelium 
reacted to norepinephrine. None relaxed (Table 3). 

In the fetal studies, two of four arteries with endothclium and 
four of four arteries without endothclium responded to norepi- 
nephrine (Table 2). The maximal contraction and ECso to nor- 
epinephrine were similar to those seen in the 3-d-old animals. 
No relaxations to  norepinephrine were seen (Table 3). 

I<Ji~ct c!flli~ici/)litlc otl itltr~plrlt~iorlur:1' urto'ies c?j ' t lc~~~~hor/ l ,  3-, 
rrtl(/ lU-(/-ol(/ ~t~I ' t?iu/ .s  (Tub/? 4). There was no difference in the 
response to histamine (lo-' M) in arteries with or without 
endotheliuni. All arteries responded to histamine. even those 
that had shown no response to  norepinephrine. The response to 
histamine was similar in all age groups and larger than the 
response to norepinephrine. 
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Fig. 3. Histogram showing percentage relaxation t o  nitric oxidc  in 
arterics precontracted with PGF2.. a t  different ages. Da ta  shown a s  m e a n  
? SEM.  

ing catecholamines. a selective decrease in the ability of the 
pulmonary artery to vasoconstrict a t  birth may prove to be a 
protective mechanism. 

In this study, we have demonstrated maturational changes in 
the contractile responsiveness of the pulmonary artery vascular 
smooth muscle to norepinephrine and developmental changes 
in the modulation of contractility by endothelial tuz-adrenocep- 
tors. The relative unresponsiveness of newborn intrapulmonary 
arteries to muscarinic (8) and 02-mcdiated EDRF release may 

mean that thcsc mcchanisms have a limitcd role in thc adaptation 
of the pulmonary circulation to  extrauterine lifc. 
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