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Summary increased from 12 + 5 (mean + SEM) at 0-7 days ( n  = 6) to 
100 * 40 at 21-33 days (n  = 3) of postnatal age. At 7-14 days 

The inotropic responsiveness of the developing myocardium (n = 4) and 15-20 days (n = 5) of age the maximum percentage 
to dopamine and isoproterenol was evaluated using isolated, of increase of left ventricular dF/dt was 28 * 10 and 39 * 17, 
perfused ventricles and atrial strips from puppies ages 15 hr to respectively.. Puppy ventricle responded to isoproterenol at all 
33 days. Responses were compared to those in adult animals. ages equally (maximum percentage increase of left ventricular 

The maximum percentage of increase of left ventricular dFIdt dF/dt = 46 * 13). 
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Atrial muscle strips from puppies, ages 15 hr to 35 days ( n  = 
22), and adult dogs ( n  = 19)  demonstrated equal responsiveness 
to dopamine as well as to isoproterenol. The maximum percent- 
age of increase of dF/dt was 117 * 18 with dopamine. Maximum 
percentage of increase of dF/dt with dopamine after propranolol 

M) was 5 2  * 18. Haloperidol (l.10-7-2.10-6 M) did not 
alter responsiveness of atria to dopamine. 

Speculation 

This study demonstrates that isolated puppy ventricle becomes 
increasingly responsive to the inotropic effect of dopamine with 
increasing age. The data suggest that the major inotropic effect 
of dopamine in puppy ventricle is mediated through release of 
norepinephrine and is consistent with previous reports of de- 
creased levels of releasable norepinephrine in ventricular myo- 
cardium but adequate stores of norepinephrine in atrial muscle 
of immature animals. 

Dopamine, a natural precursor of norepinephrine, is a clini- 
cally useful inotropic agent (3, 10,  11,  18). Although it has 
been studied extensively in the mature animal, little information 
is available concerning the effect of dopamine on the neonatal 
myocardium. 

Neonatal ventricular myocardium has fewer contractile ele- 
ments per unit mass of myocardium than does adult ventricular 
myocardium (5, 16). Furthermore, the sympathetic innervation 
of the ventricular myocardium is not complete at  birth in many 
species and ventricular stores of norepinephrine are reduced 
(5-7, 9 ,  12,  17). Therefore, modulation of contractility is more 
limited in the immature than in the mature myocardium and 
responses to  indirect /3-adrenergic agonists, such as dopamine, 
could be expected to be reduced in young animals (1, 4 ,  13,  14). 

The purpose of this study was to  determine the response of 
the developing neonatal canine myocardium to dopamine. 

MATERIALS AND METHODS 

Isolated perfused puppy ventricle and atrial strips from p u p  
pies and adult dogs were used for the experimental preparations. 
Animals were selected without preference for breed or  sex. 
Preparations were made in duplicate, using one as the control 
and the other as the experimental preparation. The data was 
statistically analyzed using the t-test for independent means. 

ISOLATED PERFUSED VENTRICULAR PREPARATION 

The animals used for this study were as follows: six puppies, 
ages 0-7 days; four puppies, ages 7-14 days; five puppies, ages 
14-21 days; three puppies, ages 21-33 days; one adult cat; two 
adult rabbits. Without anesthesia, rapid cervical dislocation was 
performed and the heart was excised quickly and perfused via 
the aortic root on a constant flow device. The perfusate consisted 
of Krebs' solution with the following millimolar concentrations: 
sodium chloride 118,  potassium chloride 4.7; calcium chloride 
2.5; sodium bicarbonate 25; magnesium chloride 0.5; sodium 
hypophosphate 1 ; and glucose 11 .l. The pH was maintained 
between 7.30 and 7.50, and the temperature at  37'. The Krebs' 
solution was bubbled with 95% 0, and 5 %  CO,. Fresh solution 
was prepared each day. The heart was perfused at 20  cc/min 
using a Harvard constant flow peristaltic pump. Both atria were 
excised, the pulmonary artery was vented, the atrioventricular 
(AV) valves were opened, and the A V  node was crushed. The 
tips of platinum pacing wires were inserted into the myocardium 
of the right ventricular outflow region and the right A V  valve 
ring. The preparations were paced at  a rate of 120-130 beats/ 
min, using a Nuclear Chicago stimulator. The pacing voltage 
used was 10% above threshold voltage, and ranged from 0.5- 
0.75 V. The pulse duration was 3 msec. Pacing voltage and the 
duration of the stimulus were monitored with a Tektronix type 
564 storage oscilloscope. 

A small rat ventricle type of Walton-Brodie strain gauge arch 
(John L. Waren, Charleston, SC) was sutured to the free wall 
of the left ventricle, carefully avoiding coronary artery obstruc- 
tion. Isometric force of contraction and its first derivative (dF/ 
dt) as well as aortic perfusion pressure were monitored continu- 
ously on a Grass polygraph model 7 .  An operational amplifier 
derivative circuit was used to determine dF/dt. Aortic perfusion 
pressure was measured using a Statham P23db pressure trans- 
ducer connected proximal to  the aortic cannula. 

Drugs were infused using a Harvard infusion/withdrawal 
pump into a port immediately proximal to  the aortic cannula. 
Commercially available dopamine hydrochloride solution that 
contains sodium bisulfite as an antioxidant was used. In two 
atrial muscle strip experiments, fresh solution of dopamine 
prepared by dissolving crystals of dopamine hydrochloride in 
Krebs' solution was used. L-Isoproterenol solution was prepared 
from crystals of L-isoproterenol hydrochloride dissolved in 
Krebs' solution. All drugs were diluted in Krebs' solution before 
infusion. 

Dose-response curves were obtained using dopamine concen- 
trations of 10-9-10-4 M or isoproterenol concentrations of 
1 0 - ~ ~ - 1 0 - ~  M. 

ISOLATED ATRIA 

The animals used for this study were as follows: 8 puppies, 
ages 0-7 days; 6 puppies, ages 7-14 days; 4 puppies, ages 14- 
21 days; 4 puppies, ages 21-33 days; and 19 adult dogs. 

After rapid cervical dislocation, the heart was excised quickly, 
immersed in Krebs' solution, and a left atrial strip prepared. 
One end of the left atrial strip was impaled with a pair of 
platinum needle electrodes and the other end attached to a 
Statham force transducer (350 ohms). The preparation was then 
immersed in a bath containing Krebs' solution. The tension of the 
preparation was adjusted for maximum force of contraction. 
The bath was rinsed every 10 min. Strips were paced at a rate 
similar to the in vivo depolarization rate (120-180 beatslmin), 
using 0.5-0.75 V and a 3-msec pulse duration. The pacing vol- 
tage and duration of the stimulus were monitored with a 
Taktronix type 564 storage oscilloscope. Isometric force of 
contraction and dF/dt were continuously recorded on a Grass 
polygraph model 7. An operational amplifier derivative circuit 
was used to determine dF/dt. Drugs were added to the bath and 
mixed by a constant stream of 95% 0, and 5% CO,.'Dopamine 
concentrations of 10-8-10-3 M and isoproterenol concentrations 
of 10-9-10-5 M were employed. Propranolol (lo-' M) and 
haloperidol and M) were used for blocking experi- 
ments. Blocking experiments were done using atrial strips 
obtained from adult dogs. The order of drug application was 
isoproterenol + dopamine -* blocking agent + isoproterenol 
+ dopamine. In seven preparations, a 1 %  sodium bisulfite 
solution was used as a control drug. 

RESULTS 

ISOLATED VENTRICULAR PREPARATIONS 

The inotropic response (percentage of change of dF/dt) of 
isolated puppy ventricle to dopamine increased with increasing 
postnatal age (Figs. 1 and 2). Adult levels of responsiveness 
appeared at  21-33 days of age. Puppy ventricle less than 7 days 
old exhibited essentially no response to  dopamine. Reserpinized 
adult rabbit ventricle responded in the same manner as puppy 
ventricle less than 21 days of age (Fig. 2). The ventricles of 
puppies at all ages were equally responsive to isoproterenol. 

ATRIAL STRIP PREPARATIONS 

The inotropic response (percentage change of dF/dt) of atrial 
strips from canines of all ages to dopamine as well as to 
isoproterenol was equal (Fig. 3) .  
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( ):age in days 

Fig. 1. Dose-response curves of puppy ventricles and adult cat 
ventricle treated with dopamine. There is an increasing inotropic-re- 
sponsiveness with age of isolated puppy ventricle to dopamine. (*)P < 
0.05 using puppies 0-7 days old as control. 
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Fig. 2. Maximum response (%AdF/dt) of isolated ventricles of 
puppies, adult rabbit (untreated and pretreated with reserpine), and 
adult cat to dopamine. ( * ) P  < 0.05 using puppies 0-7 days old as 
control. 

The inotropic effect of dopamine and isoproterenol upon 
atrial strip preparations from adult dogs could be blocked 
partially by propranolol (lo-' M) but not by haloperidol (1.33 
x M to 2 x M, Figs. 4 and 5). 

The maximum percentage change of dF/dt was greater when 
a fresh solution of dopamine prepared from dopamine hydro- 
chloride crystals was used than when commercially available 
dopamine solution containing 1% sodium bisulfite was used. 
Sodium bisulfite alone produced a negative inotropic effect a t  a 
concentration equivalent to that obtained by concentration 
of commercially available dopamine. 

DISCUSSION 

The cardiovascular effects of dopamine may be mediated 
through the following mechanisms:- 1) p-adrenergic receptor 
stimulation in the mvocardium: 2) slight a - r e c e ~ t o r  stimulation 

r u 

in peripheral vasculature; 3) indirect stimulatioh of p-receptors 
through release of norepinephrine from sympathetic nerve end- 
ings; 4) "dopaminergic receptor" stimulation in the renal, 
mesenteric, coronary, and cerebral beds; and 5) through meta- 
bolic conversion to norepinephrine (1, 2, 4, 13-15). 

It has been shown by a number of investigators that neonatal 
ventricular myocardial tissue of dog, rabbit, and rat does not 
receive its adult complement of sympathetic nerve endings until 
approximately 3 weeks of age (5-7, 9, 17), whereas myocardial 
tissue of swine and lambs receives its full complement of 

DOPAMINE 
(molar) 

Fig. 4. Dose response curves of adult dog atrial strips bathed with 
dopamine. Experiments were performed with and without p-adrenergic 
receptor blockade by propranolol. ( * ) P  < 0.05. 
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Fig. 3. Dose-response curves of puppy and adult dog atrial strips Fig. 5. Dose-response curves of adult dog atrial strips bathed with 
treated with dopamine. There is no apparent difference of the inotropic dopamine. Experiments were performed with and without "dopami- 
responsiveness of these atrial strips with increasing age. nergic" receptor blockade by haloperidol. 
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sympathetic nerve endings by about five days of age (5). 
Because of this relative lack of sympathetic innervation, ventric- 
ular myocardial levels of norepinephrine are reduced in the 
young animal (6). It follows, therefore, that decreased respon- 
siveness of neonatal myocardial tissue to  agents that act in part 
by releasing norepinephrine would be expected. The results of 
the isolated ventricle experiments in this study are consistent 
with this hypothesis. The maximum percentage change of dF/dt 
increased from 12 + 5 at  0-7 days of age to 100 + 40 at more 
than 21 days of age. This increasing responsiveness parallels the 
increasing responsiveness with age to tyramine and X537A 
which Gillette et al. (8) reported previously from this laboratory. 
The similarity of the dopamine dose-response curve of the 
reserpinized rabbit ventricle to that of the young puppy ventricle 
and that of the nonreserpinized rabbit to the older puppy 
ventricle also suggests that the difference in responsiveness is 
secondary to differences in availability of releasable norepineph- 
rine. Recognizing the pitfalls of comparing responses among 
species, adult rabbit and cat ventricle were used because they 
are comparable in size to puppy ventricle. 

Alternate explanations for the increasing responsiveness of 
puppy ventricle with increasing age to  dopamine include a 
maturational change in the quality o r  number of myocardial P- 
adrenergic receptors, a relative increase in the number of 
contractile elements in the myocardium (5, 6), o r  age-related 
development of dopamine P-oxidase activity. Failure to  demon- 
strate an age-related difference in response to isoproterenol, 
however, renders the first two possibilities unlikely. A matura- 
tional change of dopamine /3-oxidase activity could account for 
the age-related difference in response to dopamine if exoge- 
nously administered dopamine resulted in increased synthesis of 
norepinephrine. However, based on experiments using the 
dopamine P-oxidase inhibitor, disulfiram, Tsai et al. (19) con- 
cluded that increased synthesis of norepinephrine was an insig- 
nificant mechanism in the action of dopamine. 

The fact that atrial strips from young puppies respond to the 
inotropic effects of dopamine at an earlier age than ventricle is 
consistent with the concept that atrial sympathetic innervation 
occurs before ventricular sympathetic innervation (5, 17). T o  
demonstrate that dopamine acts directly o r  indirectly upon the 
p-adrenergic receptor but not upon a "dopaminergic receptor" 
in the myocardium, the drug was evaluated after the addition of 
propranolol o r  haloperidol. The effect of dopamine was blocked 
by propranolol but was unaffected by haloperidol. 

Fresh dopamine solution prepared from crystals of dopamine 
hydrochloride produced a greater increase in dF/dt than did 
commercially available dopamine containing 1 % sodium bisul- 
fite. Furthermore, sodium bisulfite (0.052 M) alone produced a 
negative inotropic effect. This is the concentration of sodium 
bisulfite in lo-:' M dopamine preparations containing 1% so- 
dium bisulfite. This effect, however, is probably not of clinical 
significance since lo-" M blood levels of dopamine are probably 
not attained therapeutically. 

Although isolated perfused immature ventricle from puppies 
responded differently to  dopamine than the mature ventricle, 
this may not be the case with immature ventricle in situ. 
Furthermore, since the age at which sympathetic innervation is 
complete in the human is unknown, this data cannot be e x t r a p  
olated to  human neonates. Careful observation of the clinical 

effects of dopamine in children will be necessary, with special 
emphasis on the response of neonates to  the inotropic effect of 
the drug. 

CONCLUSION 

This study demonstrates an age-related variation of response 
of isolated puppy ventricle to dopamine. No age-related varia- 
tion in response was demonstrated using isolated atrial strip 
preparations. Both isolated ventricle and atrial strip prepara- 
tions were equally responsive to isoproterenol at all ages tested. 
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