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Abstract 

The ability of several vasodilators to inhibit the responses to noradrenaline and U46619 (a thromboxane A 2 analog) in isolated 
pulmonary and mesenteric arteries of neonatal piglets was compared. In pulmonary arteries, acetylcholine produced endothelium-depen- 
dent relaxations (plCso = about 6.8) while, in mesenteric arteries, a relaxant (<  10 -7 M) or a contractile response (>  10 -6 M) was 
observed. Sodium nitroprusside produced relaxant effects in pulmonary and mesenteric arteries contracted by noradrenaline (plCs0 = 6.6 
and 6.0, respectively) and U46619 (plCs0 = 5.4 and 6.7, respectively). ATP induced an endothelium-independent relaxation in pulmonary 
arteries (plCso = about 4) but in mesenteric arteries it produced weak relaxant effects. In resting mesenteric arteries, ATP induced a 
concentration-dependent contraction which was not observed in pulmonary arteries. Prostaglandin E 1 induced a concentration-dependent 
relaxation in pulmonary arteries (plCso = about 6). In mesenteric arteries, prostaglandin E 1 at < 10 -6 M produced a contractile effect 
whereas, at higher concentrations, a relaxant response was observed. The c~-adrenoceptor antagonist tolazoline had no effect on arteries 
contracted by U46619 but relaxed arteries contracted by noradrenaline being slightly more potent in mesenteric than in pulmonary arteries 
(plCs0 = 5.1 and 4.8, respectively). Nifedipine (>  10 -7 M) relaxed both arteries, mesenteric being more sensitive than pulmonary 
arteries and noradrenaline more sensitive than U46619-induced contractions. In conclusion, differences in the relaxant effects for all 
vasodilators were found depending on the artery, the vasoconstrictor used or both. However, ATP was the only drug which, regardless of 
the concentration or vasoconstrictor used, produced greater relaxant effects in pulmonary than in mesenteric arteries. 
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1. Introduction 

The normal adult pulmonary circulation is a low pres- 
sure, low resistance circuit (Barnes and Liu, 1995). In 
contrast, in the fetus, gas exchange occurs in the placenta 
and not in the lung and, therefore, right ventricular cardiac 
output is directed through the ductus arteriosus to the 
systemic circulation. Consequently, the fetal pulmonary 
vascular resistance is high and the pulmonary blood flow 
is low (Fineman et al., 1995). The transition from the fetal 
to the adult pulmonary circulation in the perinatal period is 
a delicate process which takes place at birth and in the 
following weeks (Fineman et al., 1995). Failure of the 
pulmonary circulation to undergo this transition results in 
persistent pulmonary hypertension of  the newborn. Persis- 
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tent pulmonary hypertension of  the newborn is character- 
ized by an increased pulmonary vascular resistance result- 
ing in right to left shunting of blood across a patent 
foramen ovale a n d / o r  ductus arteriosus, severe hypoxemia 
and acidosis (Roberts and Shaul, 1993). Various intra- 
venous vasodilators including the a-adrenoceptor blocker 
tolazoline (Stevenson et al., 1979; Ward, 1984; Gouyon 
and Francoise, 1992), prostaglandins 12 and E 1 (Gouyon 
and Francoise, 1992), the Ca 2÷ channel blocker nifedipine 
(Simmoneau et al., 1981), MgSO 4 (Abu-Osba et al., 1992), 
acetylcholine (Tripp et al., 1980), the nitric oxide donor 
sodium nitroprusside (Benitz et al., 1985) and ATP (Fine- 
man et al., 1990; Konduri and Woodard, 1991) have been 
used to reduce the increased pulmonary vascular resistance 
(Drummond and Lock, 1984; Kulik and Lock, 1984; 
Gouyon and Francoise, 1992; Roberts and Shaul, 1993). 
Since the magnitude of  the shunt depends on the difference 
between pulmonary artery and aortic pressure, systemic 
vasodilation would increase the flow across the ductus 
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reducing the blood supply to the lung and worsening the 
pulmonary gas exchange. Therefore, the ideal drug for the 
treatment of persistent pulmonary hypertension of the new- 
born should be a vasodilator with selectivity for pulmonary 
over systemic vessels (Roberts and Shaul, 1993; Drum- 
mond and Lock, 1984). Recently, the direct delivery of 
drugs to the lung by inhalation or endotracheal administra- 
tion has been tested successfully in human newborns with 
nitric oxide (NO, Roberts et al., 1992; Kinsella et al., 
1992) and tolazoline (Welch et al., 1995) and in animal 
experimental models with cGMP analogs (Lawson et al., 
1995) and prostaglandin 12 (Zobel et al., 1995) which 
reduce pulmonary artery pressure with minimum systemic 
effects. This strategy has the additional advantage that the 
best ventilated areas of the lung are those receiving higher 
concentrations of drugs and, therefore, those areas will 
receive higher flow allowing a higher gas exchange. How- 
ever, this approach is not extensively available yet and 
may have other undesirable effects, particularly in chronic 
treatment. 

The neonatal circulatory system responds quite differ- 
ently to drugs than does the mature circulation but the 
effects of vasodilators in pulmonary neonatal vessels have 
been poorly investigated (Fineman et al., 1995). Therefore, 
the aim of the present work was to compare the ability of 
several vasodilators to inhibit the responses to noradrena- 
line and the thromboxane A 2 mimetic U46619 in the 
isolated pulmonary and mesenteric arteries of neonatal 
piglets. 

rings) and allowed to equilibrate for 60-90 min. During 
this period, tissues were re-stretched and washed every 30 
min with warm Krebs solution. In some experiments, the 
endothelium was removed by gently rubbing the intimal 
surface of the rings with a metal rod. The presence of 
functional endothelium was tested by addition of acetyl- 
choline (10 -7 M) in arteries pre-contracted with 3 × 10 -7 
M noradrenaline. The ability of acetylcholine to induce 
relaxation of unrubbed rings was taken as an indicator of 
the presence of functional endothelium. 

2.2. Experimental protocol 

After equilibration, the rings were contracted with ei- 
ther 10 -5 M noradrenaline or 10 -6 M U46619. When the 
contractile response to each agonist reached a stable ten- 
sion, cumulative concentration-response curves to acetyl- 
choline, ATP, prostaglandin E 1, sodium nitroprusside, 
nifedipine and tolazoline were carried out by cumulative 
addition of drugs after a steady-state relaxant response was 
reached after each increment. In some arteries, the effects 
of vasodilators were evaluated in the presence of the nitric 
oxide synthase inhibitor NG-nitro-L-arginine-methyl ester 
(L-NAME, 10 -4 M) or in endothelium-denuded arteries. 
In another set of rings, the vasoconstrictor effects of ATP 
were tested in endothelium intact arteries under resting 
conditions. 

2.3. Drugs 

2. Materials and methods 

2.1. Tissue preparation 

Male piglets (10-17 days of age, 4679 _+ 267 g) ob- 
tained from the local abattoir were killed by exsanguina- 
tion and the lungs and mesenteric beds were rapidly 
immersed in cold (4°C) Krebs solution (composition in 
mM: NaCI 118, KC1 4.75, NaHCO 3 25, MgSO 4 1.2, 
CaC12 2.0, KH2PO 4 1.2 and glucose 11) and transported 
immediately to the laboratory. Pulmonary and mesenteric 
arteries (i.d. 1-2 mm) were carefully dissected free of 
surrounding tissue and cut into rings of 2 -3  mm of length 
(P6rez-Vizcalno et al., 1994; Villamor et al., 1995). Two 
L-shaped stainless-steel wires were inserted into the arte- 
rial lumen and the rings were introduced in Allhin organ 
chambers filled with Krebs solution (gassed with 95% 02 
and 5% CO z at 37°C). One wire was attached to the 
chamber and the other to an isometric force-displacement 
transducer coupled to a signal amplifier (model PRE 206-4; 
Cibertec, Madrid, Spain) and connected to a Hewlett 
Packard computer via an A / D  interface. Contractile ten- 
sion was recorded by a REGXPC computer program 
(Cibertec). The rings were initially stretched to a resting 
tension of 0.5 g (pulmonary rings) or 2 g (mesenteric 

The following drugs were used: (-)-noradrenaline 
bitartrate, acetylcholine chloride, L-NAME, sodium nitro- 
prusside, U46619, prostaglandin E 1, ATP-MgC12, tolazo- 
line hydrochloride (Sigma, London, UK) and nifedipine 
(Bayer, Leverkusen, Germany). Drugs were dissolved in 
deionized distilled water (except nifedipine in absolute 
ethanol) and further dilutions were carried out in Krebs 
solution. Noradrenaline (10 -2 M) was dissolved in 10 -4 
M ascorbic acid to prevent oxidation. The concentrations 
are expressed as final molar concentration in the tissue 
chamber. 

2.4. Statistical analysis 

Results are expressed as mean _+ S.E.M. of measure- 
ments in n arteries. The vasoconstrictor and vasodilator 
responses were expressed in mg and as a percentage of the 
pre-contraction value, respectively. Individual cumulative 
concentration-response curves were fitted to a logistic 
equation. For the concentration-response of vasoconstric- 
tors, the maximal effect (Ema x) and the drug concentration 
exhibiting 50% of the gma x (pD 2, expressed as negative 
log molar) were calculated. For vasodilators, the negative 
log drug concentrations producing a 50% relaxation of the 
control contraction (pICs0 values) were calculated. Statisti- 
cally significant differences were calculated by means of 
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an unpaired Student's t-test. P < 0 . 0 5  was considered 
statistically significant. 

3. Results 

3.1. Effects of noradrenaline and U46619 

The parameters of the concentration-response curves to 
noradrenaline (10-8-10 -4 M) and U46619 (10-1°-10 -6 
M) in pulmonary and mesenteric arteries are shown in 
Table 1. The maximal response (Ema x) to both noradrena- 
line and U46619 was significantly greater in mesenteric 
than in pulmonary arteries (P  < 0.01). In mesenteric arter- 
ies, noradrenaline induced greater maximal contractions 
than U46619 but the opposite occurred in pulmonary 
arteries. The pD 2 values for U46619-induced contractions 
were similar in both arteries (P  > 0.05) whereas the pD 2 
value to noradrenaline was greater in mesenteric than in 
pulmonary arteries ( P  < 0.05). The effects of vasodilators 
reported below were analyzed on the contractions induced 
by near-maximally effective concentrations of noradrena- 
line (10 -5 M) and U46619 (10  -6  M) .  
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Fig. l. Relaxant effects of cumulative addition of acetylcholine on 
pulmonary (circles) and mesenteric arteries (squares) pre-contracted with 
10 -5 M noradrenaline (open symbols) or 10 -6 M U46619 (solid sym- 
bols) of neonatal piglets. Results are expressed as mean + S.E.M. of 5-10 
experiments. Abscissa, % relaxation; ordinate, log acetylcholine concen- 
tration (M). 

3.3. Vasodilator effects of sodium nitroprusside 

3.2. Vasodilator effects of acetylcholine 

Addition of acetylcholine (10-8-10 -5 M) resulted in a 
concentration-dependent relaxation in pulmonary arteries 
pre-contracted with noradrenaline and U46619 (Fig. 1, 
Table 2). The relaxant effects of acetylcholine were more 
pronounced in arteries pre-contracted with noradrenaline 
as compared to U46619 (P  < 0.01), so that acetylcholine 
fully relaxed arteries contracted by noradrenaline even 
when in arteries contracted by U46619 the maximal relax- 
ation achieved was only 53 + 5%. This relaxant effect was 
inhibited when the arteries were pre-treated with 10 -4  M 
L-NAME or in endothelium-denuded arteries (not shown). 

In mesenteric arteries, pre-contracted with either nor- 
adrenaline or U46619 the effects of acetylcholine were 
biphasic (Fig. 1). At 10 -8 and 10 - 7  M,  it produced a 
relaxant response (of similar magnitude than in pulmonary 
arteries pre-contracted with noradrenaline). However, when 
the concentration of acetylcholine was increased ( >  10 -6  

M), it produced a concentration-dependent contraction in 
mesenteric arteries that, at 10 -5 M, averaged 23 _+ 13 and 
64_+ 32% over control tension in noradrenaline- and 
U46619-contracted vessels, respectively. 

The relaxant effect of sodium nitroprusside (10-8_ 10-4 
M) was tested in endothelium-denuded arteries. Sodium 
nitroprusside induced a concentration-dependent relaxation 
in pulmonary and mesenteric arteries (Fig. 2). However, 
there were differences in the relaxant potency depending 
on the artery and the vasoconstrictor employed. Pulmonary 
arteries contracted by noradrenaline and mesenteric arter- 
ies contracted by U46619 were the most sensitive to 
sodium nitroprusside whereas pulmonary arteries con- 
tracted by U46619 were the least (Table 2). Furthermore, 
sodium nitroprusside was unable to fully relax U46619-in- 
duced contractions in pulmonary arteries, so that the high- 
est concentration tested (10  -4  M )  produced a maximal 
relaxation of 64 + 5%. 

3.4. Vasodilator effects of ATP and effects on resting 
tension 

ATP (10- 6_ 10- 3 M) induced a concentration-depen- 
dent relaxation in pulmonary arteries contracted by either 
noradrenaline or U46619 ( P > 0 . 0 5  noradrenaline vs. 
U46619; Fig. 3). However, in mesenteric arteries con- 
tracted by noradrenaline, ATP produced only a weak relax- 

Table 1 
Parameters (pD 2 and Em~ ×) of the concentration-response curves to noradrenaline and U46619 in pulmonary and mesenteric arteries 

Pulmonary arteries Mesenteric arteries 

pD 2 Ema , (mg) n pD 2 Era, x (mg) n 

Noradrenaline 6.52 + 0.07 923 + 80 17 6.07 + 0.11 ~ 5273 ± 718 b 8 
U46619 7.31 ± 0.15 d 1279 ± 145 c 11 7.11 ± 0.13 d 2083 ± 285 a,a 7 

a and b p < 0.05 and P < 0.01 mesenteric vs. pulmonary arteries, c and d p < 0.05 and P < 0.01 noradrenaline vs. U46619, respectively. 
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Fig. 2. Relaxant effects of cumulative addition of sodium nitroprusside on 
pulmonary (circles) and mesenteric arteries (squares) pre-contracted with 
10 -5 M noradrenaline (open symbols) or 10 -6 M U46619 (solid sym- 
bols) of neonatal piglets. Results are expressed as mean +_ S.E.M. of 7-9 
experiments. Abscissa, % relaxation; ordinate, log nitroprusside concen- 
tration (M). 

an t  e f fec t  whereas ,  in those  con t r ac t ed  wi th  U 4 6 6 1 9 ,  a 

b iphas i c  e f fec t  was  obse rved .  A t  c o n c e n t r a t i o n s  o f  < 10 -4  

M,  A T P  p r o d u c e d  a r e l axan t  e f fec t  whi le ,  at h i g h e r  con-  

cen t ra t ions ,  a p rog re s s i ve  inc rease  in con t rac t i l e  fo rce  was  

obse rved ,  so tha t  at  the  h i g h e s t  c o n c e n t r a t i o n  tes ted  r e a c h e d  

t ens ion  va lues  s imi la r  to con t ro l  values .  T he  ef fec ts  o f  

A T P  were  a lso  tes ted  in e n d o t h e l i u m - d e n u d e d  p u l m o n a r y  

ar ter ies  and  in r ings  p re - t r ea t ed  for  20  m i n  wi th  L - N A M E  

and  t hen  c o n t r a c t e d  by  U 4 6 6 1 9 .  In b o t h  cases,  A T P  pro-  

duced  a r e l axan t  e f fec t  s imi la r  to  tha t  o b s e r v e d  in con t ro l  

e n d o t h e l i u m  in tac t  p u l m o n a r y  ar ter ies  (no t  shown) .  

I n c r e a s i n g  c o n c e n t r a t i o n s  o f  A T P  ( 1 0 -  8_ 1 0 -  3 M )  pro-  

d u c e d  m i n i m a l  or  n o  e f fec t  in  res t ing  p u l m o n a r y  ar ter ies  

( n  = 6; Fig.  4). In  contras t ,  in  m e s e n t e r i c  ar ter ies ,  A T P  

(>_ 10 -6  M )  produced a concentration-dependent contrac- 
tion ( n  = 5; Fig. 4). T h e s e  con t r ac t i ons  were  fas t  bu t  
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Fig. 3. Relaxant effects of cumulative addition of ATP on pulmonary 
(circles) and mesenteric arteries (squares) pre-contracted with 10 -5 M 
noradrenaline (open symbols) or 10 -6 M U46619 (solid symbols) of 
neonatal piglets. Results are expressed as mean +_ S.E.M. of 5-7 experi- 
ments. Abscissa, % relaxation; ordinate, log ATP concentration (M). 

transient, reaching a peak in about 1-2 min and were 
followed by a slower decay to a lower tone. 

3.5. Vasodilator effects of prostaglandin E 1 

Addition of prostaglandin E l (10-8-10 -5 M) to pul- 
monary arteries resulted in a concentration-dependent re- 
laxation (Fig. 5). The maximal relaxant effect was greater 
when the pulmonary arteries were contracted by nor- 
adrenaline than by U46619 ( P  < 0.05; Table 2). In mesen- 
teric arteries, the response to prostaglandin E~ was bipha- 
sic. At low concentrations, prostaglandin E~ produced a 
contractile effect which was maximum at 10-7-3 )< 10 -7 
M while, at higher concentrations, prostaglandin E l pro- 
duced a relaxant effect, so that, at 10 -2 M, it produced 
almost full relaxation when the arteries were contracted by 
noradrenaline but only 41 + 11% when contracted by 
U46619. 

Table 2 
Parameters of the concentration-response curves to acetylcholine, sodium nitroprusside, ATP, prostaglandin E 1 and tolazoline calculated from Figs. 1-3 
and 5-7 

Pulmonary arteries Mesenteric arteries 

Noradrenaline U46619 Noradrenaline U46619 

plCs0 Max (%) n plCso Max (%) n plCso Max (%) n plC50 Max (%) n 

Acetylcholine 6.8 + 0.2 101 + 2 5 5.9 + 0.4 d 53 + 5 d 5 B.E. B.E. 7 B.E. B.E. 8 
Nitroprusside 6.6+_0.1 100+- 1 9 5.4_+0.3 d 61 _+4 ~ 9 6.0+0.1 b 106_+4 7 6.7+0.2 b,d 92_+4 7 
ATP 3.9+0.2 87_+4 6 4.1+0.1 8 7 + 4  7 N.E. N.E. 7 N.E. N.E. 7 
Prostaglandin E 1 6.1+0.1 96+_3 9 5.7+_0.2 67-1-6 d 10 5.8+_0.1 87+_7 8 > 5  41+11  b'd 7 
Tolazoline 4.8+0.1 91 + 3  7 N.E. N.E. 7 5.1 5:0.1 a 88+_3 a 7 N.E. N.E. 5 
Nifedipine 5.0 + 0.1 51 __+ 8 5 > 5 15 +_ 3 d 7 5.7 +_ 0.1 b 75 +_ 5 a 7 > 5 28 + 8 d 6 

plC50 is the negative logarithm of concentration which relaxed 50% and Max is the maximal relaxant effect achieved with the highest concentration of 
vasodilator tested. 
B.E., biphasic effect; relaxation and contraction depending on drug concentration (see text and figures for details). N.E., minimum or no effect. 
a and b p < 0.05 and P < 0.01 mesenteric vs. pulmonary arteries, d p < 0.01 noradrenaline vs. U46619, respectively. 
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Fig. 4. Contractile effects of cumulative addition of ATP on pulmonary 
(circles) and mesenteric arteries (squares) on resting tension. Mesenteric 
arteries responded to ATP with a fast contraction reaching a peak in 
about 1-2 min and were followed by a decay in tone to a lower sustained 
level (peak contractile values are shown). Results are expressed as 
mean+S.E.M, of 6 experiments. Abscissa, % relaxation; ordinate, log 
ATP concentration (M). 
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Fig. 6. Relaxant effects of cumulative addition of tolazoline on pul- 
monary (circles) and mesenteric arteries (squares) pre-contracted with 
10 -5 M noradrenaline (open symbols) or 10 -6 M U46619 (solid sym- 
bols) of neonatal piglets. Results are expressed as mean + S.E.M. of 6 -7  
experiments. Abscissa, % relaxation; ordinate, log tolazoline concentra- 
tion (M). 

3.6. Vasodilator effects of tolazoline 

The a-adrenoceptor antagonist tolazoline (10-6-5 3< 
10 - 4  M )  fully relaxed pulmonary or mesenteric arteries 
contracted by noradrenaline (Fig. 6), this effect being 
slightly more potent in mesenteric arteries (P  < 0.05; Table 
2). However, tolazoline had no effect on arteries con- 
tracted by U46619. 

3. 7. Vasodilator effects of nifedipine 

Fig. 7 shows that, at concentrations of < 10 - 7  M, 
nifedipine produced no relaxant effect on pulmonary or 
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Fig. 5. Relaxant effects of cumulative addition of PGE t on pulmonary 
(circles) and mesenteric arteries (squares) pre-contracted with 10 -5 M 
noradrenaline (open symbols) or 10 .6 M U46619 (solid symbols) of 
neonatal piglets. Results are expressed as means + S.E.M. of 7 -10  experi- 
ments. Abscissa, % relaxation; ordinate, log PGE t concentration (M). 

mesenteric arteries. At higher concentrations, it produced a 
concentration-dependent relaxation in both arteries, even 
when the maximal relaxant effect could not he reached at 
the maximal concentration tested (10 -5 M). Higher con- 
centrations could not be used because the vehicle (ethanol) 
had significant effects at these concentrations. The relaxant 
responses to nifedipine were more pronounced when the 
arteries were contracted by noradrenaline than by U46619 
(P  < 0.05) and in mesenteric than in pulmonary arteries 
(P  < 0.05). 
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Fig. 7. Relaxant effects of cumulative addition of nifedipine on pul- 
monary (circles) and mesenteric arteries (squares) pre-contracted with 
l0 -5 M noradrenaline (open symbols) or l0 -6 M U46619 (solid sym- 
bols) of neonatal piglets. Results are expressed as mean_+ S.E.M. of 5 -7  
experiments. Abscissa, % relaxation; ordinate, log nifedipine concentra- 
tion (M). 
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4. Discussion 

In the present study we have compared the effects of six 
vasodilators (acetylcholine, sodium nitroprusside, ATP, 
prostaglandin E l, tolazoline and nifedipine) in isolated 
pulmonary and mesenteric arteries of neonatal piglets. For 
any of the vasodilators studied, we have found differences 
in their relaxant effects depending on the artery, the ago- 
nist used to contract the artery or both. ATP was the only 
drug which, at any concentration and regardless of the 
contractile agonist used, produced relaxant effects more 
marked in pulmonary than in mesenteric arteries. 

The responses of isolated arteries to vasodilator drugs 
depend on the species, vascular bed, age, sex, pre-existing 
tone, endothelial preservation, vasoconstrictor used to in- 
crease tone and arterial diameter among other factors. 
Therefore, we must rise the following methodological 
considerations. We have studied the effects of vasodilators 
under conditions of a high vascular tone, i.e. after inducing 
maximal or near-maximal contractions, which presumably 
reflect what happens in persistent pulmonary hypertension 
of the newborn. Noradrenaline and the thromboxane A 2 
mimetic U46619 were chosen as contractile agonists since 
noradrenaline is considered to be one of the most impor- 
tant factors regulating systemic and pulmonary vascular 
tone (Biilbring and Tomita, 1987; Barnes and Liu, 1995) 
and thromboxane A 2 has been associated with several 
forms of persistent pulmonary hypertension of the new- 
born (Dobyns et al., 1994). The same concentrations of 
vasoconstrictors were used in pulmonary and mesenteric 
arteries and, therefore, the vasodilator effects were not 
evaluated under equieffective concentrations of noradrena- 
line and U46619 for a given artery. Mesenteric arteries of 
a similar diameter than pulmonary arteries were chosen as 
representatives of systemic arteries. However, the effects 
of vasodilators on the whole systemic vascular resistance 
is the sum of the effects in all vascular beds and, thus, 
extrapolation of mesenteric arteries to an universal sys- 
temic artery has to be done with caution. 

Acetylcholine has been reported to produce endothe- 
lium-dependent vasodilatation and both endothelium-de- 
pendent and -independent contraction (Furchgott and Za- 
wadki, 1980; Altiere et al., 1986). In the present study, 
acetylcholine induced a concentration-dependent relaxation 
in pulmonary arteries and this effect was inhibited by the 
nitric oxide synthesis inhibitor L-NAME indicating an 
acetylcholine-induced nitric oxide release from the en- 
dothelium (Furchgott and Zawadki, 1980). However, when 
the arteries were pre-contracted by U46619, acetylcholine 
was unable to induce full relaxation. In contrast, in mesen- 
teric arteries, acetylcholine produced relaxation at concen- 
trations of < 10 -7 M, but contraction at higher concentra- 
tions. Therefore, at high concentrations, acetylcholine 
showed greater relaxant effects on pulmonary than on 
mesenteric arteries, although its relaxant effect was signifi- 

cantly less marked when the arteries were pre-contracted 
by U46619. 

The vasodilator effects of sodium nitroprusside have 
been attributed to the release of nitric oxide which, in turn, 
stimulates soluble guanylate cyclase and increases the 
intracellular levels of cGMP (Ignarro and Kadowitz, 1985; 
Feelisch, 1991). The effects of this drug were analyzed in 
endothelium denuded arteries to avoid interferences with 
endothelial release of nitric oxide. Addition of sodium 
nitroprusside produced full vasorelaxant effects in mesen- 
teric arteries contracted by either U46619 or noradrenaline 
and in pulmonary arteries contracted by noradrenaline but, 
as occurred with acetylcholine, it induced only partial 
relaxation in pulmonary arteries contracted by U46619. 
Thus, as recently reported (P6rez-Vizcalno et al., 1996), 
activation of thromboxane A 2 receptors by U46619 in 
pulmonary arteries seems to reduce the sensitivity to nitric 
oxide. 

ATP had no effect on resting tension but relaxed pul- 
monary arteries pre-contracted by noradrenaline or U46619. 
In contrast, addition of ATP ( >  10 -6 M) tO mesenteric 
arteries at resting tone induced a concentration-dependent 
contraction. The vasoactive effects of ATP have been 
attributed to the activation of membrane P2-purinoceptors. 
Activation of PEx-purinoceptors located on smooth muscle 
mediate contraction in both rat and human pulmonary 
arteries whereas P2y-purinoceptors mediating relaxation are 
located on the endothelium in rat and on the smooth 
muscle in human pulmonary arteries (Liu et al., 1989a,b). 
The present results show that ATP-induced relaxation in 
neonatal piglet pulmonary arteries are endothelium- and 
nitric oxide-independent. The purinoceptor subtype mediat- 
ing this effect is unknown but based on the similarities of 
the response with human pulmonary arteries it might be 
tempting to speculate that it is mediated by P2y-purinocep- 
tors located on smooth muscle. In contrast to human 
pulmonary arteries (Liu et al., 1989a), ATP produced 
minimal contractile effect in piglet pulmonary arteries at 
resting tone. At present, we do not know if differences are 
species- or age-dependent. In pre-contracted mesenteric 
arteries, ATP produced both relaxant and contractile ef- 
fects. A weak relaxant response was observed at low 
concentrations ( <  10 -4 M) whereas, at higher concentra- 
tions, ATP produced a weak contractile effect, so that the 
average tension level was not significantly different to the 
initial tension value. Therefore, the vasodilator effect of 
ATP was selective for pulmonary over mesenteric arteries 
regardless of the agonist used to contract the arteries. 

Prostaglandin E 1 is a non-selective agonist of prostanoid 
EP 1, EP 2 and EP 3 receptors (Coleman et al., 1994). In 
general, EP 1 and EP 3 receptor subtypes mediate contrac- 
tion of smooth muscle, and EP 2 receptors mediate smooth 
muscle relaxation. Therefore, both prostaglandin El-in- 
duced vasodilation and vasoconstriction have been re- 
ported (Kadowitz et al., 1976; BergstriSm et al., 1968; Qian 
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et al., 1994). In the present study, prostaglandin E l relaxed 
pulmonary arteries but this effect was significantly more 
pronounced when the arteries were pre-contracted by nor- 
adrenaline. In contrast, in mesenteric arteries, low concen- 
trations of prostaglandin E 1 induced a small contractile 
response whereas, at higher concentrations, a relaxation 
was observed. Therefore, prostaglandin E 1 showed a weak 
selectivity for pulmonary over mesenteric arteries. 

Tolazoline is considered a non-selective ce-adrenoceptor 
blocker (Ruffolo et al., 1991) that exhibits other non- 
adrenoceptor-mediated vasodilators effects (Drummond 
and Lock, 1984). In the present study, tolazoline almost 
fully relaxed pulmonary and mesenteric arteries pre-con- 
tracted with noradrenaline, which consistent with its a- 
adrenoceptor blocking properties and this effect was 
slightly but significantly more potent in mesenteric than in 
pulmonary arteries. Tolazoline, however, had no effect in 
pulmonary or mesenteric arteries contracted by U46619, 
which suggested that a direct pulmonary vasodilator effect 
unrelated to a-adrenoceptor blockade was absent. 

The potency of the L-type Ca 2+ channel blocker 
nifedipine to inhibit the contractions induced by noradrena- 
line or other agonists is highly variable, depending on the 
role of Ca 2+ entry through L-type Ca 2+ channels in the 
contractile response (Cauvin et al., 1983; Godfraind et al., 
1986). In the present study, only at very high concentra- 
tions of nifedipine ( >  10 -6 M)  induced relaxant responses 
in noradrenaline- or U46619-precontracted arteries. How- 
ever, at these concentrations, it is very unlikely that the 
vasodilator effects of nifedipine can be related to Ca 2+ 
entry blockade. The relaxant response to nifedipine was 
more marked in both pulmonary or mesenteric arteries 
pre-contracted by noradrenaline as compared to U46619 
contracted vessels. Nevertheless, mesenteric were more 
sensitive than pulmonary arteries to nifedipine. 

Since lowering pulmonary artery pressure, while main- 
taining systemic vascular resistance and good cardiac out- 
put, is crucial for newborns with persistent pulmonary 
hypertension of the newborn, a search for selective pul- 
monary vasodilators has been constant in the last two 
decades (Roberts and Shaul, 1993). Most clinical studies in 
neonates suffering persistent pulmonary hypertension of 
the newborn, however, have been carried out in small 
number of patients, were not randomized, and no direct 
measurements of pulmonary artery pressure were made, so 
that arterial p O  2 or  clinical improvement was used to 
indirectly evaluate pulmonary vasodilation. Therefore, 
conclusions regarding drug pulmonary selectivity cannot 
be drawn and most data come from animal models of 
persistent pulmonary hypertension of the newborn. Tolazo- 
line, the most widely used drug in the treatment of persis- 
tent pulmonary hypertension of the newborn, produced 
systemic hypotension in > 50% of patients (Stevenson et 
al., 1979; Ward, 1984; Starling et al., 1981; Gouyon and 
Francoise, 1992) and, therefore, it can be considered as a 
poor pulmonary selective drug. Similar systemic deleteri- 

ous effects have been reported in animal models of pul- 
monary hypertension after infusion of acetylcholine (Tripp 
et al., 1980), nifedipine (Dickstein et al., 1984) or prosta- 
glandin E l (Tripp et al., 1980; Starling et al., 1981). The 
limited use of sodium nitroprusside in persistent pul- 
monary hypertension of the newborn has rendered variable 
results (Benitz et al., 1985). The present in vitro results 
with tolazoline and nifedipine demonstrated that systemic 
arteries dilate at least as much as pulmonary arteries, 
supporting the poor selectivity observed in clinical studies. 
The results obtained with acetylcholine, prostaglandin E~ 
or sodium nitroprusside are difficult to interpret in terms of 
pulmonary vs. systemic selectivity due to the biphasic 
(contractile and relaxant) responses or to agonist-depen- 
dent differences. ATP has demonstrated selective pul- 
monary vasodilating effects in animal models of pul- 
monary hypertension (Konduri and Woodard, 1991; Fine- 
man et al., 1990) and our in vitro results also provide 
evidence of its selective pulmonary vasodilator effect. 
Indeed, ATP was able to induce contractile responses in 
mesenteric but not in pulmonary arteries under resting 
conditions. Very recently, the administration of low doses 
of ATP in pulmonary hypertensive newborns and infants 
produced a decrease in pulmonary vascular resistance 
without effects on systemic blood pressure, suggesting that 
ATP may be a selective pulmonary vasodilator, although at 
higher doses it produced mild systemic effects(Brook et 
al., 1995). 

In conclusion, the vasodilators studied exhibited differ- 
ences in the relaxant effects depending upon the artery 
and/or  the agonist used to contract the vessel. However, 
ATP was the only drug which, at all concentrations and 
regardless of the contracting agent used, relaxed the pul- 
monary artery but not the mesenteric artery. 
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