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serum and lipid fractions. This study also emphasizes the impor- 
tance of using an assay procedure which is as close as practicable 
to conditions in vivo. 
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Summary 

The direct pulmonary vascular effects of amrinone, a nongly- 
coside, noncatechole cardiotonic agent were studied in conscious 
newborn lambs using a double-flow probe preparation that allows 
separation of direct and indirect pulmonary vascular effects. Am- 
rinone was found to be a direct pulmonary vasodilator with a 
threshold dose of 0.3 &kg. Amrinone also increased cardiac 
output and decreased aortic pressure at somewhat higher threshold 
doses (1.0 mg/kg and 3.0 mg/kg, respectively). Amrinone's peak 
effect on pulmonary resistance appeared greater than its peak 
systemic effects. These effects were noted in both normoxia and 
hypoxia, and were not changed by pretreatment with propranolol. 

The appearance of right ventricular enlargement and pulmo- 
nary arterial hypertension (cor pulmonale) is ominous when as- 
sociated with chronic lung disease. The ideal therapy for cor 
pulmonale would be directed at the underlying lung disease, 
although this is seldom possible. For cardiovascular therapy to be 
most effective, it should provide positive inotropic effects and 
pulmonary vasodilitation. Traditional therapy has consisted of 
digitalis, diuretics, and oxygen. Although oxygen may contribute 
in lowering pulmonary vascular resistance, diuretics neither im- 
prove cardiac output nor dilate the pulmonary vessels. Although 
digitalis may improve cardiac output, it is a known pulmonary 

vasoconstrictor (10, 17) and is of questionable benefit in cor 
pulmonale (10). 

An orally active inotropic agent capable of dilating pulmonary 
vessels might be particularly useful in the therapy of cor pulmon- 
ale. Amrinone, (Fig I), a bipyridine derivative [5-amino-3,4'- 
bipyridine-6(1H)-one], has been shown recently to be a strong 
positive inotrope in vitro and in vivo in both animals (1, 2, 8) and 
in man (3,6, 11). It is active both orally (1 1, 19) and intravenously, 
and does not produce arrhythmias even at high doses (14); how- 
ever, its pulmonary vascular effects are unknown. 

In the present study, we have investigated the pulmonary vas- 
cular effects of amrinone in lambs. Amrinone is known to have 
effects on cardiac output (3, 14, 19) and systemic vascular resist- 
ance (7). Because changes in these variables are known to indi- 
rectly alter calculated pulmonary resistance, ( 5 , 9 )  the experimen- 
tal design should allow separation of direct from indirect effects 
of a drug on the pulmonary circulation. The pulmonary vascular 
effects of amrinone were, therefore, studied using a double-flow 
probe preparation that allows determination of local pulmonary 
vascular responses in vivo. 

MATERIALS AND METHODS 

The advantages and limitations of the double-flow probe prep- 
aration that we used have been described in detail elsewhere (16). 
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Blood flows are measured separately in the two lungs; the agent 
under investigation is injected into one pulmonary artery and 
local pulmonary vascular effects are determined from changes in 
the ratio of flow to the injected lung over the total flow (QK/Qt). 

Seven infant lambs of either sex, weighing 4.8-7.6 kg, underwent 
surgery at 10-27 days of age. Modified C & C Instrument flow 
probes were placed around the right and left pulmonary arteries 
after ligation and division of the nonpatent ductus arteriosus. The 
probes were secured by passing 3-0 polypropylene sutures through 
holes in their tipsflhus preventing dislodgement during 1-2 wk of 
chronic implantation. In three animals indwelling lines were 
placed in the left atrium via a left atrial appendage purse string 
and filled with heparinized saline (100 unit/ml). The probe con- 
nectors and left atrial lines were tunneled into the subcutaneous 
tissue between the scapulae and the thorax, and the skin was 
closed. Five to nine days were allowed for full recovery (resting 
respirations less than 40/min) and fmation of the probes in the 
mediastinum. Animals with roentgenologic or clinical signs of 
impaired pulmonary function were not investigated. Two animals 
were studied on two separate occasions using different pulmonary 
arteries. One animal (at the time of the second study) and another 
animal (when studied initially) had markedly diminished cardiac 
output (<lo0 ml/kg); data from these studies were excluded from 
further analysis. A total of seven dose-response curves in six lambs 
were analyzed. 

Four animals, three from the group of seven listed above and 
one additional lamb, were studied before and after treatment with 
propranolol (1 mg/kg); one of these animals was studied twice 
before and twice after treatment with propranolol (1 mg/kg) 
during normoxia. Five studies were performed in four animals 
after propranolol treatment during normoxia and four studies 
were performed in four propranolol-treated animals during hy- 
poxia. 

On the day of the experiment, the animals were anesthetized 
with ketamine HCl (10 mg/kg intravenously) and heparinized 
(200 unit/kg). The probe connectors were exteriorized, a catheter 
was placed in the aortic root, and the tip of a soft #5 French 
balloon-tipped catheter was positioned just distal to either the 
right or left flow probe under fluoroscopic guidance. At least 75 
min were allowed between anesthesia and the fmt test injection; 
however, most animals regained consciousness within 15 min of 
a ketamine dose. 

During the experiments, the animals were lightly restrained, 
suspended sternum down in a cloth sling. The fluid-filled aortic, 
pulmonary, and left atrial catheters were connected to Statham 
P23 Db strain gauges and the right and left pulmonary blood 
flows were measured with Statham SP2202 flow meters. All 
pressure and flow signals were recorded on an Electronics for 
Medicine DR-12 optical recorder. Blood gases were measured 
with an Instrumentation Laboratory analyzer. 

Experiments were performed during normoxia (animal breath- 
ing room air) and isocapneic hypoxia (Fi02 = 0.12 and Ficoz = 
0.05). The added COz prevented the development of hypoxia- 
induced alkalemia. Animals were tested under hypoxia and nor- 
moxia on the same day, but the sequence of the test was varied. 
To induce hypoxia, the unsedated lamb was placed under a clear 
plastic hood with access ports for the catheters and flow probe 
connectors. The mixture of N2, 02, and COz was delivered at a 
total flow rate of 4-6 liter/&. Fifteen minutes were required for 
equilibration. In preliminary experiments, it was determined that 
an Fi02 of 0.12, while producing substantial pulmonary vasocon- 
striction, caused minimal apparent discomfort to the lamb. 

Amrinone (WIN 40680) was dissolved in 0.25 N lactic acid to 
a concentration of 10 m u d .  Aliquots of this solution was then 
diluted with sterile water to a final concentration of 0.5 to 3 mg/ 
ml (300400 mOsm/liter). Test solutions were prepared less than 

Table 1. Hemodynamic effects of amrinone' 

Control 20 sec 

C.O. Ao PA C.O. Ao PA 
P a c o ~  Pa@ (ml/ (mm (mm PVR SVR (ml/ (mm (mm PVR SVR 

pH (tom) (tom) min) Hg) Hg) (units) (units) Qi,,i/Qt min) Hg) Hg) (units) (units) Qi,,j/Qt 

0.1 mg/kg 
Normoxia 7.49 32 75 1664 

(250) 
Hypoxia 7.41 40 54 1660 

(473) 
0.3 mg/kg 

Normoxia 7.49 32 75 1606 
(270) 

Hypoxia 7.41 40 54 1630 
(392) 

1.0 mg/kg 
Normoxia 7.49 32 75 1666 80.2 19.2 921 3965 0.377 1806' 80.0 17.2' 756' 3616' 0.413' 

(315) (8.1) (5.2) (183) (759) (0.086) (289) (10.4) (4.3) (1 12) (670) (0.081) 
Hypoxia 7.43 39 50 1670 76.4 21.2 1045 3859 0.383 1788' 72.8 18.4' 825' 3318' 0.419' 

(433) (7.6) (4.3) (177) (831) (0.096) (398) (12.9) (4.4) (75) (379) (0.097) 
3.0 mg/kg 

Normoxia 7.49 32 75 1520 78.8 17.4 910 4173 0.367 1754' 75.2' 15.8 720' 3 W 3  0.410 

(93) (10) (4.3) (190) (675) (0.079) (205) (8.9) (3.7) (147) (658) (0.054) 
Hypoxia 7.42 39 48 1690 70.0 20.0 977 3471 0.397 1808 66.0' 17.5 771' 2952' 0.438' 

(528) (13.5) (5.1) (200) (633) (0.085) (373) (11.2) (4.0) (22) (247) (0.077) 
1 .O mg/kg2 

Normoxia 7.50 32 82 1413 70.0 14.7 841 4000 0.362 1537' 65.3' 14.0 730' 3402' 0.386~ 
Hypoxia 7.45 37 55 1570 67.5 17.0 864 3435 0.388 1655 64.5' 14.0' 676' 3112' 0.418' 

' A summary of the hemodynamic effects of amrinone. Values shown are means with standard deviations parenthetically noted. Data are shown for 
all amrinone doses during normoxia and hypoxia from seven experiments in six native animals, from five experiments during normoxia and four 
experiments during hypoxia in four propranolol-pretreated animals. Units for PVR and SVr are dynes.sec/cm6. Control data and data reflecting peak 
drug effect (20 sec aRer injection) are shown. Definitions: C.O., cardiac output; Ao, aortic pressure; PA, pulmonary artery pressure, PVR, pulmonary 
vascular resistance; and SVR, systemic vascular resistance. 

After pretreatment with propranolol; 1 mg/kg, n = 5 (normoxia) and n = 4 (hypoxia). 
' P < 0.05 when compared to controls. 
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60 min before injection. Control experiments showed that the 
compound did not lose its activity over a 2-h period and that the 
vehicle alone had no measurable hemdynamic effects. 

Compounds were injected into a branch pulmonary artery after 
the lamb had become quiet (hear rate (210). Injections were made 
by hand in 0.5-5 ml volumes over 1-3 sec and were flushed with 
a maximum of 5 ml of lactic acid. Doses of 0.1, 0.3, 1.0. and 3.0 
mg/kg were studied. Hemdynamic variables were measured at 
10-, 20-, 30-, 60-, and 120-sec intervals after injection; the maxi- 
mum effects occurred during this period for all four doses. The 
order of injections was varied to minimize the influence of tach- 
yphylaxis on the dose response curves and the interval between 
successive injections was adjusted to allow full recovery. The study 
protocol was approved by the Animal Care Committee of the 
University of Minnesota. Differences between control and exper- 
imental findings were compared by a two-tailed paired Student's 
t test. All results are expressed as the means f S.D. All differences 
cited in the text are significant at the P = 0.05 level or less. 

Amrinone 

5- amino-3,4-bipyridin-6 ( 1 H )-one 
Fig. 1. The chemical structure of amrinone. 

RESULTS 

Blood gas and pH status, as well as changes in cardiac output, 
a r t e j  and aortic pressures, syskmic and pulmonary 

vascular resistances. and the ratio of flow to the injected lung over 
total lung flow during the control period and 20-sec (the t L e  of 
peak effect) after amrinone injection are summarized in Table 1 
for six lambs. Hypoxia (48-55 torr) raised baseline pulmonary 
artery pressure (1 1-16%) without signif~cantly altering cardiac 
output, aortic pressure, or systemic vascular resistance. These 
values were not changed by pretreatment with propranolol. 

Systemic effects. Amrinone directly increased cardiac output in 
both normoxic and hypoxic lambs with a threshold of 1 mg/kg. 
The change occurred without a fall in aortic pressure at 1 mg/kg, 
suggesting a direct myocardial effect of the drug. At higher doses, 
aortic blood pressure fell, indicating systemic vasodilation. The 
increased cardiac output resulted in a fall in systemic vascular 
resistance at both 1 and 3 mg/kg amrinone produced no significant 
change in heart rate or mean leA atrial pressure at or below 
threshold doses, and did not cause visible agitation in these 
conscious lambs. 

Pulmonary vascular effects. The direct effects of amrinone on 
pulmonary vascular smooth muscle were assessed from changes 
in the ratio of flow to the injected lung over total pulmonary 
blood flow (Qbj/Qt). Amrinone significantly increased this ratio 
with a threshold dose of 0.3 mg/kg (Fig. 2). Vasodilation occurred 
in both normoxia and hypoxia to a similar degree. These findings 
indicate that amrinone directly dilates pulmonary vascular smooth 
muscle independently of its systemic vascular effects. This pul- 
monary vasodilation was not blunted by pretreatment with pro- 
pranolol (Table 1). 

Although amrinone would appear to directly dilate both pul- 
monary vascular and systemic vascular beds, it may not affect the 
two systems equally. The threshold for direct pulmonary vasodi- 
lation (0.3 mg/kg), as determined by a change in Qw/Qt, is lower 

Amrinone dose 
* p<o.05 when compared to controls 

Fig. 2. Local pulmonary vasodilation induced by increasing doses of amrinone injected into a branch pulmonary artery during normoxia and 
hypoxia. Log dose curves arc shown. Measurements were made 20 sec after injection. 
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Amrinone dose 
+ p < 0.05 when compared to controls 

Fig. 3. The change in the ratio of resistance of the injected lung (Ru) to systemic vascular mistance (SVR) with increasing a m ~ o n e  dose in 
aormoxia and hypoxia measured 20 scc after injection. Log dose curves arc shown. Parcnthctical notations represent standard deviations. 

than the threshold for either a fall in systemic vascular resistance 
(1 mg/kg) or a fall in aortic blood pressure (3 mg/kg). In addition, 
the decrease in pulmonary resistance appears greater than the fall 
in systemic resistance: when the ratio of resistance in the injected 
lung over systemic resistance is examined (Fig. 3), the ratio fell at 
doses of 0.3 mg/kg and 1 mg/kg. Again, these effects are not 
blunted by propranolol pretreatment. 

DISCUSSION 

Amrinone is a nonglywside, noncatechole cardiac inotropic 
agent, which is currently used in the therapy of chronic congestive 
heart failure in adults (3,4, 12, 13, 14, 18, 19). Its inotropic effects 
have been established in isolated muscle preparations (2,8), intact 
animals (1,2, 8), and in humans (3,6, 11). At high doses, it causes 
systemic vasodilation. Amrinone's augmentation of cardiac output 
may indirectly decrease calculated pulmonary vascular resistance; 
however, any direct effects of amrinone on the pulmonary circu- 
lation have not previously been documented. 

In the current study, amrinone was found to be a direct pul- 
monary vasodilator with a threshold dose of 0.3 mdkg. This effect 
was nit  si@~cantly influenced by alveolar hGxia .  As is true 
for its inotmic effects, amrinone-induced vulmonarv vasodilation 
is not blunied by propranolol, indicat& that Gta-adrenergic 
receptors are not the mediators of its vascular effects. 

Amrinone was also found to be a systemic vasodilator; however, 
using the threshold dose and peak drug effect as a gauge, amrinone 
may be a more potent pulmonary vasodilator than a systemic 
vasodilator in the infant lamb. Such a comparison between pul- 
monary and systemic vascular drug effect is clearly imperfect. For 
instance, changes in Qw/Qt may well be a more sensitive indicator 
of pulmonary vasodilation than changes in aortic pressure are of 
systemic vasodilation. Nonetheless, the notion that amrinone has 
some selectivity for pulmonary dilation is supported by the obser- 
vation that none of a wide variety of compounds we have studied 
previously in this fashion have had effects similar to those of 
amrinone (15). Finally, the pulmonary effects of amrinone oc- 

curred at the same doses which have been employed in clinical 
trials (3,4, 6, 11-14, 18, 19). 

The fmding that an orally active inotropic agent is also a direct 
pulmonary vasodilator may have particular importance in the 
management of cor pulmonale. The development of cor pulmon- 
ale is a final common pathway of unrelenting chronic lung disease 
in both children and adults. In the absence of effective treatment 
for the underlying lung disease, the progressive increase in right 
ventricular afterload results in cardiac decompensation and death. 
Amrinone, a positive inotrope with direct pulmonary vasodilator 
effects, may be useful in ameliorating this condition. It may also 
be of benefit in other clinical situations characterized by increased 
pulmonary vascular resistance and compromised cardiac output. 
In the absence of any agent known to be effective in cor pulmon- 
ale, clinical trials of amrinone in pediatrics may be warranted. 
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Summary 

The possible influence of maternal antibody on the immune 
response to bovine serum albumin (BSA), a normal cow's milk 
protein, was investigated in fullterm human neonates. Antibody 
production to BSA of 12 infants with passively acquired anti-BSA 
(Group I) was compared to the immune response of nine infants 
without passive anti-BSA at birth (Group 11) during the first 6 
months of life. AM infants were raised on commercial cow's milk 
formulas containing BSA in concentrations from 0.4-4.0 &dl. 
From 4 wk of age concentrations of circulating anti-BSA as 
measured by radioimmunoassay and enzyme-linked-immuaosor- 
bent-assay (ELISA) were higher in Group 11, but differences were 
not statistically significant. There was no difference in the immune 
response between infants ingesting formulas with high BSA con- 
tent compared to infants ingesting low concentrations of antigenic 
BSA. The m h  isotype associated with anti-BSA formation was 
1%;. IgA in measurable amounts appeared later and accounted for 
approximately 10% of circulating antibody in both groups at 6 
months of age. Only small amounts of IgM- and IgEanti-BSA 
were detected. 

Abbreviations 

ABC-33, antigen binding capacity-33 
BSA, bovine senun albumin 
BSA-N, bovine serum albumin-nitrogen 
ELISA, enzyme-linked-immunosorbent assay 
EU, ELISA units 
GALT, gut-associated lymphoid tissue 
OD, optical density 
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The placental transfer of specific antibodies to pathogenic or- 
ganisms and to toxins protects the neonate effectively before he 
has formed active antibody. Studies in human infants and in 
animals suggest that this early immune response is mainly elicited 
by antigens derived from gut bacteria and from food (I, 7.2 1,26). 
For example, human neonates are able to form IgM and IgG 
antibody to BSA when born after 36 wk of gestation (19, 20). 
Similarly, formation of antibodies to gut bacteria, e.g., to Salmo- 
nella 0 and H antigens and to the capsular antigens of E. coli has 
been demonstrated (22, 23). Natural antibodies against intestinal 
bacteria are thought to provide protection against disease because 
they crossreact with a number of important pathogens (1-3, 16, 
22, 23). 

The conditions which govern the immune response to enteric 
antigens are incompletely understood. Similar to the response of 
human neonates, the feeding of BSA to adult rabbits regularly 
results in the formation of active anti-BSA, whereas newborn 
rabbits and adult rats develop immunologic unresponsiveness 
after oral application of protein antigens (17, 25). 

One of the factors that may affect neonatal immune responses 
is the presence of passive antibody. Studies on the effect of such 
antibohy in hum& infants have ihown suppression or enhance- 
ment of antibody formation to parenteral application of diphtheria 
toxoid (4, 13), whereas the response to oral polio vaccine was not 
affected by either circulating or secretory antibody of the mother 
(10). No effect of passive antibody on the immune response to 
BSA was seen in adult rabbits (18). 

Interactions between passive antibody and antigen may depend 
on the type of antigen, the amount of passive antibody present, 
the time and mode of immunization, and the study model. Appli- 
cation of results from animal studies to humans is difficult, among 
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