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ABSTRACT. Studies were performed on isolated pulmo- 
nary arterial segments to investigate dopamine receptor- 
mediated relaxant effects at different times during devel- 
opment. Dopamine receptor-mediated relaxant effects can 
only be observed when vessels are precontracted with 
prostaglandin Fz, and in the presence of al, ag P, and 
serotonergic blockade. Helical strips of pulmonary arteries 
from rabbits of different ages (2, 7, 14, 30, and 90 days), 
partially precontracted by prostaglandin Fz, were tested 
for their responses to dopamine in the presence of prazosin 

M), yohimbin M), propranolol M), and 
methysergide M). Strips from 2- and 7-day-old rab- 
bits were not induced to relax by dopamine, whereas those 
from 14-, 30-, and 90-day-old animals, after cumulative 
application of dopamine, underwent concentration-depend- 
ent relaxation. Dopamine (half the maximum response) 
concentration decreased during the development of rabbits 
from 14 to 90 days old. Mean values for apparent dopamine 
ED50 (half the maximum response) concentrations in the 
arteries of 14-, 30-, and 90-day old animals were 4.94 + 
0.40, 2.02 + 0.30, and 0.113 + 0.028 wM, respectively. 
The effects of various dopamine antagonists on dopamine- 
induced relaxation were not markedly different at different 
ages. These findings indicate that dopamine receptor func- 
tion is not fully developed in the pulmonary arteries of 
newborn rabbits, but matures as the age of the rabbit 
increases. (Pediatr Res 24: 160-165, 1988) 

Abbreviations 

ED50 concentration, concentration that produced half the 
maximum response 

pAz value, the negative logarithm of the molar concentra- 
tion of the antagonist that produces a 2-fold shift to the 
right of the dose-response curve for the agonist 

Dopamine stimulates PI-adrenergic receptors causing positive 
inotropy and has been used to treat shock and congestive heart 
failure. In high doses, it also stimulates al-adrenergic receptors 
causing vasoconstriction. In low doses, however, specific dopa- 
minergic receptors mediate vasodilation. 

In the cardiovascular system specific dopaminergic receptors 
are found in renal, mesenteric, splenic, coronary, cerebral, and 
femoral arteries. A vascular dopaminergic receptor classification 
has been proposed by Goldberg and Kohli (1, 2), in which the 
DA, receptor subserves smooth muscle relaxation, and the DA2 
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receptor subserves the inhibition of noradrenaline release from 
postganglionic sympathetic nerves. Previously, we confirmed the 
existence of DAI dopamine receptors in the adult rabbit pulmo- 
nary artery (3). Dopamine produced a concentration-dependent 
relaxation of arterial strips contracted with prostaglandin F2, in 
the presence of prazosin (al-blocker), yohimbin (a2-blocker), 
propranolol (P-blocker), and methysergide (serotonin-blocker). 

The pulmonary circulatory system undergoes considerable 
anatomic and physiologic remodeling during early neonatal life. 
Furthermore, it is widely accepted that responses of vascular 
smooth muscles, including that of the pulmonary artery, differ 
in animals of different ages. For instance, responses to vasodi- 
lators that operate through P-adrenergic receptors have been 
shown to increase early in development (4, 5). Dopamine, there- 
fore, may affect the pulmonary circulation of newborns and 
infants in a way different from that of adults. However, age- 
related changes to dopamine response in isolated pulmonary 
arteries have not previously been reported. 

Thus, we compared the responses to dopamine at different 
times during development in isolated rabbit pulmonary arteries. 
We also examined the characteristics of dopamine receptors. 

MATERIALS AND METHODS 

Animals. Rabbits of either sex in five different age groups were 
used. The 2-day-old group consisted of rabbits 1-3 days of age; 
the 7-day-old group consisted of rabbits 5-9 days of age; the 14- 
day-old group consisted of rabbits 12- 17 days of age; the 30-day- 
old group consisted of rabbits 27-34 days of age; and the adult 
group (90-day-old group) consisted of animals between 80- 1 10 
days of age. The numbers of animals used were 8, 7, 30, 30, and 
30 for the 2-, 7-, 14-, 30-, and 90-day-old groups, respectively. 
No more than three rabbits from a litter were used in a given 
group and there was no variance between litters at a given 
gestational age. All animals were killed by bleeding the carotid 
arteries after administration of 30 mg/kg sodium pentobarbital 
either intraperitoneally into the 2-, 7-, 14-, and 30-day-old ani- 
mals or intravenously into the adult animals. 

Vessel preparation. Pulmonary arteries were removed from 
each animal and immediately placed in Krebs-Ringer solution 
of the following composition: 118 mM NaCl, 4.8 mM KCl, 2.5 
mM CaC12, 25.0 mM NaHC03, 1.18 mM KH2P04, 1.19 mM 
MgS04, and 1 1 mM glucose. After being cleaned of adhering fat 
and connective tissue, the isolated arteries were cut into helical 
strips approximately 1.5-mm wide and 15-mm long. The helical 
strips were suspended in a 20 ml tissue bath containing Krebs- 
Ringer solution at 37" C, through which 95% 0215% C02 was 
continuously bubbled. The strips were maintained under an 
optimal resting tension (Table 1). The optimal resting tension 
was defined as that precontraction tension that allowed maximal 
isometric contraction to occur after the addition of 30 mM KC1 
(6) as determined in a pilot study. The cross-sectional areas of 
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the strips were estimated from the wet weightllength at the resting 
tension, a calculation that assumed a tissue density of 1 (7, 8) 
(Table 1). 

The strips were mounted between a fixed base and an isomet- 
rical transducer (Nihon Koden TB 612-T) which allowed the 
contraction to be registered on a polygraph (SAN-EI 141-6). 
Before exposing the strips to any test drug, all tissues were 
equilibrated for 90 min, during which time the bathing medium 
was replaced every 15 min. Maximum contraction was then 
induced by 30 mM KCl, after which the preparations were 
repeatedly washed and reequilibrated in control media. Next, to 
determine the concentration of prostaglandin Fza required to 
induce approximately 80% maximal contraction, dose response 
curves for the drug were obtained. 

Maturation-related change in response to dopamine. Alpha,-, 
a2-, 0-adrenergic, and serotonergic receptor blockades were 
achieved by the addition of prazosin (1 pM), yohimbin (1 pM), 
propranolol (1 pM), and methysergide (1 pM), respectively, to 
the medium. These blockers were used to eliminate any effects 
of dopamine mediated through these receptors. Among these 
blockers, prazosin is important in the detection of dopamine- 
induced relaxation since al  constriction can overshadow the 
response. The pA2 value of prazosin is approximately 8.2 when 
norepinephrine is chosen as an agonist. Thus 10 pM prazosin is 
adequate (9, 10). In some experiments for the 2-, 7-, and 14-day- 
old groups, higher concentrations (5 and 10 pM) of prazosin 
were used to examine if the decreased sensitivity to dopamine in 
younger rabbits was due to a counteractive effect on a-receptors. 
After 20 min, pulmonary arterial strips were contracted by 
addition of a concentration of prostaglandin F2a (2-5 pM) SUE- 
cient to induce approximately 80% maximal contraction as 
previously determined. Stable contraction could be attained by 
prostaglandin Fza treatment over a sustained period. Tachyphy- 
laxis was not observed. After stable contraction had been 
achieved, cumulative dopamine dose-response curves were ob- 
tained. For some strips, relaxation induced by dopamine in the 
first (exposure to dopamine) series of experiments was smaller 
than that achieved in the second to the fifth (exposure to dopa- 
mine) series, as has been previously described (3). For this reason, 
we used the second series of dose-response curves as controls. 
The ED50 concentrations were determined by probit analysis of 
dose-response curves. 

Dopamine receptor subtype identzjication. In the experiments 
in which dopamine response antagonists were used (the third to 
fifth series), each antagonist, as well as a- and P-adrenergic and 
serotonergic blockers, were added to the medium 20 min before 
application of prostaglandin Fza The a-, 0-, and serotonergic 
antagonists were added to eliminate the effects of dopamine and 
dopamine antagonists that operate through these receptors. 
Three dopamine antagonists were used: cis-flupenthixol (lo-*, 

M), metoclopramide M), and sulpir- 
ide M). Cis-flupenthixol is used as a DAI receptor 
antagonist (1 1, 12). Metoclopramide and sulpiride are DA2 recep- 

Table I .  Mean values (fSEM) of cross-sectional areas, and 
contractions induced by 30 rnM KC1 per cross-sectional area, of 
pulmonary artery strips isolatedfrom rabbits of different ages 

Age Body wt Cross-sectional RTT Contraction/area$ 
(days) n* (8) area (mm2) (g) (mg/mm2) 

2 5 58.2 2 3.8 0.584 + 0.062 1.0 186.2 + 41.1 
7 4 94.8 + 9.75 0.577 + 0.079 1.0 281.3 69.2 

14 8 235.6 + 17.05 0.579 + 0.057 1.0 592.6 71.1 
30 7 371.9+44.5$ 0.693+0.069 1.0 928.7k144.3 
90 5 2840+1206 1.162+0.2486 1.6 1265a491.46 

* Number of strips. 
t Resting tension. 
$KC1 (30 mM)-induced contraction/cross-sectional area 
$ Significantly different from 2-day-old values, p < 0.05. 

tor antagonists. Metoclopramide is also a DA, receptor antago- 
nist, although a relatively weak one (1 1). The concentrations of 
dopamine antagonists were selected on the basis of previously 
reported pA2 values (3, 13). Each strip was treated with one 
antagonist only. The concentrations of dopamine antagonists 
were increased. The order of the antagonist concentration was 
not randomized inasmuch as the prolonged effect from higher 
concentrations may have influenced the results seen with lower 
concentrations. Results were plotted according to the method of 
Arunlakshana and Shild (14) and the pA2 value was calculated 
for each experiment. 

After obtaining the dose-response curves, the strips were 
washed at least five times. At the end of the experiments, the 
strips were treated with papaverine M) to induce maximum 
relaxation. This relaxation was taken as 100% for relaxant re- 
sponses. 

Statistics. The results are expressed as mean values f SEM. 
One-way analysis of the variance was used to determine if a 
given parameter changed with age. If a statistically significant 
change was noted, the Scheffe F test was used to identify specific 
intergroup differences. Student's t test or analysis of variance was 
used to test for statistical significance between paired or unpaired 
data at a given age. For all statistical tests, a p value of 0.05 or 
less was regarded as a significant difference. 

Drugs. Drugs used were dopamine HC1, dl-propranolol HC1, 
yohimbin HC1, papaverine HC1 (Nakarai, Kyoto, Japan), and 
sulpiride (Sigma Chemical Co., St. Louis, MO). Prazosin HC1 
was from Pfizer-Taito, Tokyo, Japan; methysergide from SAN- 
DOZ, Basel, Switzerland; prostaglandin Fza from Upjohn, To- 
kyo, Japan; cis-flupenthixol from Takeda, Osaka, Japan; and 
metoclopramide from Fujisawa, Osaka, Japan. Other chemicals 
used were of reagent grade. 

RESULTS 

Age-related changes in response to dopamine. In helical strips 
of pulmonary arteries isolated from 2- and 7-day-old rabbits 
which were partially precontracted with prostaglandin Fza the 
responses to dopamine to M) markedly differed from 
those in the other groups. In these age groups, the addition of 
dopamine to M) did not induce concentration-de- 
pendent relaxation but instead, at a high concentration M), 
induced contraction. Furthermore, dopamine-induced relaxa- 
tion in the infant rabbits could not be realized by increasing the 
concentration of prazosin. In precontracted strips isolated from 
14-, 30-, and 90-day-old rabbits, however, the cumulative appli- 
cation of dopamine, in the presence of a -  and 0-adrenergic and 
serotonergic blockers, induced a concentration-dependent relax- 
ation (Fig. I). 

Mean values for the apparent dopamine ED50 concentrations 
in the arteries of 14-, 30-, and 90-day-old animals were 4.94 f 
0.40 pM (the number of arterial segments, n = 25), 2.02 f 0.30 
pM (n = 30), and 0.1 13 + 0.028 pM (n = 30), respectively, 
whereas the maximum relaxation induced in each group was 
20.0 + 4.5%, 30.5 + 6.7%, and 41.8 + 9.6%, with papaverine- 
induced relaxation being taken as 100%. 

Dopamine receptor subtype identz$cation. Cis-flupenthixol 
showed significant competitive inhibition of dopamine-induced 
relaxation in strips isolated from 14-, 30-, and 90-day-old rabbits 
(Fig. 2). Table 2 shows the mean values for the apparent dopa- 
mine ED50 concentrations in the presence of cis-flupenthixol 
(low7, and M). The pA2 values for cis-flupenthixol in 
pulmonary arteries of 14-, 30-, and 90-day-old rabbits were as 
follows: 6.90 + 0.30 (n = 8), 6.85 + 0.55 (n = 7), and 6.90 + 
0.33 (n = 12), respectively. These values are similar to those 
previously reported for rabbit splenic arteries (1 3). The analysis 
could not be conducted in strips from 2- and 7-day-old rabbits 
due to the absence of dopamine-induced relaxation. 

Metoclopramide partially antagonized the relaxant effect of 
dopamine in strips from 90-day-old rabbits. It did not, however, 
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Fig. 1. Representative patterns of dopamine-induced relaxation. In strips from 2- and 7-day-old rabbits, the addition of dopamine did not induce 
relaxation. In strips from 14-, 30-, and 90-day-old rabbits the application of dopamine induced a concentration-dependent relaxation. 

inhibit dopamine-induced relaxation in strips from 14- and 30- 
day-old rabbits (Fig. 3). Table 3 shows the mean values for the 
apparent dopamine ED50 concentrations in the presence of 
metoclopramide (lo-', loT5 M). This analysis could not be 
performed in strips from 2- and 7-day-old rabbits. 

Sulpiride M) did not influence the dopamine- 
induced relaxation in strips from 14-, 30-, or 90-day-old rabbits. 

DISCUSSION 

This in vitro study demonstrated that the pulmonary vascula- 
ture, isolated from rabbits 14-, 30-, and 90-days old, dilated in 
response to dopamine, whereas vessels from younger rabbits did 
not. The experimental procedure facilitated the investigation of 
dopamine receptor-mediated relaxation of the pulmonary artery 
without any effects mediated through other receptors. That is, 
the dopamine receptor that mediates relaxation was detected in 
adults but not in younger animals. This study supplements 
observations made by several investigators using a variety of 
animals in vitro who have reported that the response to dopamine 
changed during development, and that there is remarkable het- 
erogeneity in vascular smooth muscle reactivity in different 
vascular beds of various species (1 5-20). 

Gootman et al. (15) examined the cardiovascular effects of a 
single bolus injection of dopamine during postnatal develop- 
ment. Renal vasoconstriction was noted in young swine, whereas 
vasodilatation occurred in older animals after a- and P-adrenergic 
receptor blockade. Bucky et al. (16) observed renal vasoconstric- 
tion in swine younger than 1 month even after a single, low, 

intravenous dose of dopamine unless a-adrenergic receptors were 
blocked by phentolamine. In addition, they evaluated the re- 
gional circulatory effects of dopamine infused into developing 
swine and suggested that the developmental time course of 
dopamine receptors differed from the particular regional circu- 
lation (1 7). 

In pentobarbital-anesthetized open chest puppies, 3-65 days 
of age, renal blood flow increased without concomitant decreases 
in renal vascular resistance (1 8). Pelayo et a1 (1 9),  using anesthe- 
tized puppies, observed increased renal blood flow during intra- 
renal dopamine infusion only in older puppies (49.8 2 2.5 days 
of age), both with and without combined a- and P-blockade, and 
age-dependent increases in the glomerular filtration rate and 
renal sodium handling. In unanesthetized newborn lambs (mean 
age 7 f 2 day) dopamine did not selectively vasodilate the 
vascular bed of any organ tested despite an increase in cardiac 
output (20). These findings support the concept that dopamine 
receptors are immature at birth and show age-dependent changes 
in their responses to dopamine. 

This is further illustrated by observations that isolated aortae 
and arteries from rabbits at different stages of development 
respond differently to vasoactive agents. The 0-adrenergic mech- 
anism has been shown to be not fully developed in newborn 
rabbits. Strips of pulmonary arteries and aortae from 1- to 2- 
day-old rabbits produced only small relaxations in response to 
isoproterenol but reached a maximal level by 1 month of age 
(4). In contrast, relaxation in response to sodium nitrite or 
papaverine remained constant at all ages. The changes in the 
effectiveness of isoproterenol with maturation may be due to a 
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Fig. 2. Effect of cis-flupenthixol on dopamine dose-response curves in strips from different age groups, 14 days (n = 8), 30 days (n = 7), and 90 
days (n = 12). Closed circles, dopamine alone; open circles, with cis-flupenthixol M; closed triangles, with cis-flupenthixol M; open squares, 
with cis-flupenthixol M. *Values significantly different from those obtained for dopamine-induced relaxation without cis-flupenthixol. 

Table 2. Effect o f  cis-fluuenthixol on ED50 concentration of  dopamine (pM mean * SEM)* 
Concentration of 14 days 30 days 90 days 

cis-flupenthixol (M) (n = 8) (n = 7) (n = 12) 

Control 4.97 + 0.97 2.02 + 0.64 0.109 + 0.034 
1.0 x lo-7 8.87 + 2.27 2.84 + 0.42 0.277 + 0.034$ 
1.0 x 44.73 + 7.1 I$ 14.78 + 4.971: 1.184 + 0.1371: 
1.0 x lo-8 362.75 + 30.183: 167.19 + 49.16i 8.077 + 1.208$ 

*Effect of cis-flupenthixol on ED50 concentration of dopamine could not be determined in the strips from 2-day-old group (n = 8) and 7-day- 
old group (n = 7). 

t Number of strips. 
$ Significantly different from control values, p < 0.05. 

decreasing effectiveness of CAMP in producing relaxation (2 1) or 
to a decrease in the number of receptors. 

In most studies, there was an increase in the maximal response 
to norepinephrine in the first few weeks of life when the results 
were corrected for the contractile ability of the tissue. Hayashi 
and Toda (22, 23) found that the a-adrenergic mechanism was 
immature in the aortae of neonatal rabbits, but developed during 
the first 30 postnatal days, whereas the response in rabbit basilar 
arteries did not alter with age. However, the effects of histamine 
relative to contractions induced by 50 mM KC1 were not different 

in basilar arteries and aortae of rabbits of different ages. These 
findings, comparing different agonists and different rabbit arter- 
ies, indicate that age-dependent changes are associated with 
alterations in either the number or the sensitivity of receptors, 
rather than an alteration in contractility of the arterial smooth 
muscles. 

Change in sensitivity during development. There is considera- 
ble disagreement concerning the sensitivity of arterial smooth 
muscles to various vasoactive agents during animal development 
(6). Some investigators have noted no changes in ED50 concen- 
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Fig. 3. Effect of metoclopramide on dopamine dose-response curves in strips from different age groups, 14 days (n = 6), 30 days (n = 5), and 90 
days (n = 12). Closed circles, dopamine alone; open circles, with metoclopramide low7 M, closed triangles, with metoclopramide M; open 
squares, with metoclopramide M. *Values significantly different from those obtained for dopamine-induced relaxation without metoclopramide. 

Table 3. Effect of metoclopramide on ED50 concentration of 
dopamine (@M mean + SEM)* 

Concentration of 14 days 30 days 90 days 
metoclopramide (M) (n = 6) (n = 5) (n = 12) 

Control 4.94 + 0.40 2.02 +. 0.30 0.140 + 0.029 
1.0 x lo-' 4.75 +. 0.25 2.03 k 0.83 0.910 + 0.286$ 
1.0 x 5.37 +. 1.19 1.82 + 0.28 0.322 + 0.0634 
1.0 x lo-s 4.95 + 1.32 2.49 + 0.44 0.207 k 0.033 

* Effect of metoclopramide on ED50 concentration of dopamine could 
liot be determined in the strips from 2-day-old group (n = 8) and 7-day- 
i ' d  group (n = 7). 

t Number of strips. 
$ Significantly different from control values, p < 0.05. 

trations [noradrenaline in the sheep ear artery (24), guinea pig 
and rabbit renal arteries (25), rat portal vein (26), and rabbit 
basilar artery (27)], whereas others have observed decreases in 
ED50 concentrations [noradrenaline in the dog aorta (28) and 
sheep carotid artery (29)l. 

In our study, an age-dependent decrease in dopamine ED50 
concentration was observed in pulmonary arteries isolated from 
rabbits aged 14-90 days. The dopamine-induced relaxation in 
infant rabbit arteries was not potentiated by increasing concen- 
trations of prazosin, suggesting that the decreased sensitivity to 
dopamine in younger rabbits was not due to a counteractive 
effect on a-receptors. The reason for the decrease in dopamine 
ED50 concentration with increasing age is unclear, although an 
increase in the number of receptors and/or increased dopamine 
affinity may be involved. No change was reported in the number 
of dopamine receptors in partially purified renal tubular mem- 
branes of puppies and adult dogs (30), whereas in renal arteries 
of the aged rabbits and the striatum of the aged rats a decrease 
in the number was noted (31, 32). The number of dopamine 
receptors in the pulmonary artery has yet to be measured by 
radioligand binding. 

Dopamine receptor subtype identz$cation. In our study, cis- 
flupenthixol, the most potent DA, antagonist in arterial strips 
(3, 3 1, 32), significantly inhibited dopamine-induced relaxation 
in strips isolated from rabbits 14, 30, and 90 days old. PA2 values 
were similar in all three groups. Metoclopramide and sulpiride 
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are potent DA2 receptor antagonists; the former was also a 
relatively weak DAI receptor antagonist (31). In our study, 
sulpiride was inactive in strips from 14-, 30-, and 90-day-old 
rabbits, whereas metoclopramide was only partially active in 
strips from adults. Thus, DAI seems to be the dopamine receptor 
present in the pulmonary artery throughout postnatal develop- 
ment. 

In conclusion, pulmonary vasculature dilates in response to 
dopamine only in rabbits of the 14-, 30-, and 90-day-old group 
whereas in younger rabbits this response is absent. The ED50 
concentration of dopamine decreased significantly during devel- 
opment from 14 to 90 days old. These findings suggest that the 
dopamine receptors in rabbit pulmonary arteries are immature 
at birth but mature with development. Furthermore, the dopa- 
mine receptor in the pulmonary artery strips isolated from 14-, 
30-, and 90-day-old rabbits seems to be of the DA, type. 
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