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ABSTRAa.  Although tolazoline is the most commonly 
used drug in the treatment of neonatal pulmonary hyper- 
tension, its mode of action and efficacy remain incompletely 
understood. In order to study the effects of tolazoline on a 
high resistance pulmonary circulation and to better under- 
stand mechanisms that control pulmonary vascular tone 
and reactivity in the fetus, we infused tolazoline either 
continuously or as bolus into the left pulmonary artery of 
15 chronically instrumented, normoxic fetal lambs during 
late gestation. The vasodilatory effects of bolus injections 
of tolazoline (2.5 mg) were inhibited by the prior adminis- 
tration of the histaminergic receptor blockers, cimetidine 
(56%), diphenhydramine (56%), or both (100%). During 
the continuous infusion of tolazoline (4.5 mg/h for 9 min), 
pulmonary blood flow to the left lung increased from 61 f 
6 ml/min (mean f SE; control) to 100 k 10 (peak) at 30 
min ( p  < 0.001). However, following this initial vasodila- 
tation, pulmonary blood flow steadily decreased toward 
control values by 90 min, despite the continued infusion of 
tolazoline ( p  < 0.001). Although the calcium channel 
blocker, verapamil, and the a-adrenergic blocker, phentol- 
amine, had little effect on fetal pulmonary blood flow when 
infused alone, both drugs increased the vasodilatory re- 
sponse to tolazoline (p < 0.001). We conclude that tola- 
zoline effects pulmonary vasodilatation by a histaminergic 
mechanism and that subsequent refractoriness to the drug 
is a calcium-dependent process which may be partially 
mediated by an a-adrenergic mechanism. (Pediatr Res 20: 
1131-1135,1986) 

Abbreviations 

PPHN, persistent pulmonary hypertension of the newborn 
LPA, left pulmonary artery 

PPHN accompanies a variety of cardiopulmonary disorders, 
including asphyxia, meconium aspiration, sepsis, hyaline mem- 
brane disease, and congenital diaphragmatic hernia, or occurs as 
an idiopathic disorder ("persistent fetal circulation") (1-6). Mor- 
bidity and mortality of PPHN remains high despite aggressive 
therapeutic interventions, including hyperventilation, inotropic 
support of the systemic circulation, and pharmacologic manip- 
ulation of the pulmonary vascular bed (7, 8). Attempts to find a 
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vasodilator which selectively and consistently lowers pulmonary 
vascular resistance without causing systemic hypotension or 
other side effects have been unsuccessful. Despite its complex 
pharmacology, and although its current use is largely based on 
case reports or uncontrolled clinical studies, tolazoline has 
evolved as the primary vasoactive drug used in the treatment of 
PPHN (4, 5, 7, 9-12). Although many newborns with PPHN 
treated with tolazoline appear to initially improve oxygenation, 
this response is often transient (5, 11, 12). Despite the lack of a 
clear etiology or pathogenetic mechanism, PPHN has been char- 
acterized by excessive muscularization of the pulmonary vascu- 
lature at autopsy and abnormal vasoreactivity (1  3- 15). Because 
PPHN appears to represent failure to sustain pulmonary vaso- 
dilatation during the transition from the fetal to the neonatal 
circulation at birth, understanding the mechanisms which main- 
tain high pulmonary vascular resistance in the normal fetus may 
provide insight regarding the pathophysiology of PPHN. 

In order to study the direct effect of tolazoline on vascular 
tone and reactivity of the normally oxygenated fetal pulmonary 
circulation, we infused tolazoline into the left pulmonary artery 
of chronically instrumented fetal sheep, thereby achieving high 
drug concentrations locally while decreasing systemic drug ef- 
fects. The effects of histamine, as well as calcium channel and a- 
adrenergic receptor blockade on the hemodynamic effects of 
tolazoline were studied in order to examine the mechanisms by 
which tolazoline affects vascular tone. 

METHODS 

Surgical preparation. Fifteen mixed-breed pregnant ewes be- 
tween 1 15-124 days gestation (term = 147 days) were fasted for 
2 days prior to surgery. Ewes were sedated with intravenous 
pentobarbital and anesthetized by lumbar intrathecal injection 
of 1% tetracaine HCI (3 mg). The uterus was delivered under 
sterile conditions, and the fetal left forelimb was delivered 
through a uterine incision. A left thoracotomy was then per- 
formed. A cuff-tv~e electromagnetic flow transducer (Micron 
Instruments, Los-kngeles, C A ) W ~ S  placed around the 'LPA to 
measure blood flow to the left lung. Polyvinyl catheters were 
inserted into the left pulmonary artery (0.043 inch OD), main 
pulmonary artery (0.054 inch OD), and left atrium (0.054 inch 
OD) by direct puncture following the placement of purse string 
sutures. These catheters were guided into position through a no. 
16 gauge Angiocath intravenous catheter modified to minimize 
blood loss. The catheters were secured by tightening the purse 
string. The LPA catheter was inserted at the bifurcation of the 
main pulmonary artery and ductus arteriosus. The main pul- 
monary artery catheter was inserted between the ductus arterio- 
sus and pulmonic valve. The left atrial catheter was placed in 
the medial portion of the left atrial appendage. A second small 
hysterotomy was performed in order to place catheters (0.054 
inch OD) in the abdominal aorta and inferior vena cava via the 
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pedal artery and vein. Catheter position was confirmed at au- 
topsy. A catheter (0.054 inch OD) was also placed in the amniotic 
cavity to measure pressure. The catheters and flow transducer 
cables were exteriorized via subcutaneous tunnels to an external 
flank pouch. Ampicillin (500 mg) and Streptomycin (1 g) were 
given intramuscularly immediately following surgery. Animals 
were standing and feeding in their individual pens by 6 h post- 
operatively. Ewes were fed ad libitum. Catheters were maintained 
by flushing 1-3 ml heparinized saline (35 U/ml) daily. 

Experimental design. Studies were performed after a postop- 
erative recovery period of at least 72 h. Flow transducer cables 
were attached to an internally calibrated flowmeter (Micron 
Instruments) providing a continuous measurement of left pul- 
monary artery blood flow. Absolute values of flow were calcu- 
lated on the observation that flow was zero at end-diastole (16- 
18). However, although relative changes in flow from baseline 
can be accurately measured by this technique, absolute values of 
flow at baseline can have a wide range of error (1 6). Correlation 
between end-diastolic flow and zero flow was obtained by meas- 
uring pulmonary blood flow while six animals were sacrificed. 
The signal measured at the time of fetal death was in good 
agreement with the measured flow at end-diastole (mean differ- 
ence = 13.3 ml/min). 

Amniotic, aortic, main pulmonary artery and left atrial cath- 
eters were connected to Could-Statham P23 1 D pressure trans- 
ducers, and calibrated immediately prior to each study using a 
mercury column manometer. Pressures were referenced to the 
amniotic cavity pressure. Heart rate was determined continu- 
ously by cardiotachometer or determined from phasic pulmo- 
nary blood flow tracings. Signals were continuously recorded on 
a Could chart recorder. All drugs were infused through the left 
pulmonary artery catheter. Each experimental protocol was per- 
formed only once in each animal. 

Response to the continuous infusion of tolazoline. Tolazoline 
HCI (CIBA-Ceigy, Summit, NJ) was diluted in normal saline 
from a stock solution prior to each infusion. Continuous infusion 
was regulated by gravimetrically calibrated infusion pumps (Sage 
Instruments). Tolazoline was administered at 4.5 m d h  at flows 
of 6 ml/h. This dose was selected empirically becausst provided 
an adequate rise in pulmonary blood flow during prolonged local 
infusion without causing systemic hypotension or bradycardia. 
Serial blood samples were obtained for serum tolazoline levels 
in three animals. Arterial blood gases were determined from 
samples drawn through the main pulmonary artery catheter 
obtained before, during, and after the tolazoline infusions (four 
animals). To evaluate the length of the refractory period, a second 
infusion of a fresh solution of tolazoline (4.5 mg/h) was per- 
formed following a 30-min recovery period ( n  = four animals). 
Blood flow during the first and second infusion periods were 
compared at 20 min because that was the time of peak flow 
during the second infusion. 

Pharinacokineiics of tolazoline. The pharmacokinetics of to- 
lazoline in three fetal sheep were determined by serial measure- 
ments of left atrial samples by a gas chromatography-mass spec- 
trometry technique (19). Samples were drawn into EDTA-con- 
taining syringes, placed on ice, and then centrifuged within 30 
min of the draw. Plasma was removed, stored at -70°, and 
shipped on dry ice for assay (RMW). 

Effects of histarninergic receptor blockade on the response to 
the bolus admini.stration of tolazoline. The responses of left 
pulmonary artery blood flow to injections of tolazoline (2.5 mg 
into the left pulmonary artery catheter) were measured before 
and after infusions of the H1-blocker, diphenhydramine (10 mg 
over 10 min; Bristol, Syracuse, NY), and the H2-blocker, cime- 
tidine (40 mg over 10 min; Smith Kline and French, Philadel- 
phia, PA). Dose selection was based on previous studies from 
our laboratory demonstrating effective blockade to rapid bolus 
injections of histamine (20), as well as published studies on 
newborn lambs (21). For each study, the values of peak flow 
from three injections of tolazoline at 10-min intervals were 

averaged prior to the infusion of the histamine receptor antago- 
nist. Each animal received either diphenhydramine (four ani- 
mals) or cimetidine (five animals) as the first blocker. Two 
boluses of tolazoline were injected following blockade at intervals 
determined by the time required for flow to return to baseline 
levels. To achieve complete histaminergic blockade, the other 
antagonist was then given, followed by tolazoline boluses. No 
other drugs were given on the day that these studies were per- 
formed. 

Eflect of calcium channel blockade. In five animals, the hemo- 
dynamic response to tolazoline (4.5 mg/h) was compared with 
the response to a combined infusion of verapamil (240-300 pg/ 
h) (Searle, Chicago, IL) with tolazoline (4.5 mg/h) over 90 min. 
The dose of verapamil was established empirically; prolonged 
infusion of higher doses frequently led to bradycardia and sys- 
temic hypotension, especially in less mature animals. In each 
animal, studies were performed on separate days, at intervals of 
I (three animals), 2 (one animal), or 4 days (one animal). At the 
time of study, the mean gestational age was 132 days for the 
tolazoline infusion (range 125-139 days) and 133 days for the 
combined infusion (range 126- 140 days). 

Efect of a-adrenergic blockade. In six animals, phentolamine 
(CIBA-Geigy) was infused at 0.1 mg/min for 90 min prior to 
and during tolazoline infusion (4.5 mg/h). This dose was selected 
because it consistently blocks the pulmonary vasoconstrictor 
response to methoxamine (500 pg). Each animal received tola- 
zoline or tolazoline with phentolamine on separate days. Studies 
were performed within 1 day of each other. Three animals 
received tolazoline on the first study day (mean gestational age 
13 1 days; range 125-139 days), while three were studied with 
tolazoline plus phentolamine first (mean age 131 days; range 
125-1 38 days). 

Statistical analysis. Statistical analysis of the data was per- 
formed by two-way analysis of variance for repeated measures. 
This method allows for multiple comparisons by the use of 
appropriate contrasts (22,23). Different periods of the study were 
compared by partition of the between times sum of squares for 
comparison of changes in each variable at different times during 
the study (22). Means for baseline, infusion, and recovery periods 
were compared for each variable (including flow, pulmonary 
artery and aorta pressures, heart rate, and arterial blood gases). 
Furthermore, means at individual time points were compared 
with means for periods during the study; the blood flow at 30 
min into the tolazoline infusion was compared with the entire 
baseline period, as was flow at the end of the tolazoline infusion. 
The method was also used to test whether variables remained 
constant during a given time period or changed in linear or 
quadratic fashion. As each animal served as its own control for 
studies involving verapamil and phentolamine, the method was 
also applied to compare time periods of tolazoline infusions 
alone versus tolazoline infusion with verapamil or phentolamine. 
The analysis takes into account several time points during each 
period for each variable, and therefore can detect small differ- 
ences between periods. All statistical comparisons were per- 
formed using the SAS statistical computing package on a VAX 
1 1  minicomputer (23). A significant difference was judged a s p  
value less than 0.05. 

RESULTS 

Continuous tolazoline infusion. The hemodynamic response 
to the continuous infusion of tolazoline into the left pulmonary 
artery is illustrated in Figure 1. Values are expressed as mean + 
SE. Following baseline measurements for 30 min, the infusion 
of tolazoline rapidly increased flow from 61 + 6 ml/min (mean 
+ SE) to a peak flow at 30 min of 100 + 10 ml/min (p  < 0.001). 
However, despite the continued infusion of tolazoline, flow 
steadily decreased linearly toward baseline values (p  < 0.001). 
After 90 min, flow was not significantly different from the 
preinfusion flow (62 + 4 ml/min; p > 0.05). Heart rate linearly 
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Fig. 1. The hemodynamic response to the continuous infusion of 
tolazoline into the LPA of fetal lambs (n = 9 animals). Left pulmonary 
artery blood flow (mean + SEM) during the 90-min infusion period are 
plotted versus time in the lower panel. Mean pulmonary artery (6 
@) and aortic pressures (0---0) and heart rate are depicted in the 
middle and upper panc~ls, respectively. The hatched urea represents the 
infusion period. Comparisons shown are made between baseline and 
study values at 60 and 120 min (# = p < 0.001; ## = p > 0.05; analysis 
of variance. 

increased during the infusion, from 17 1 + 9 bpm (baseline) to 
187 + 21 at 40 min ( p  < 0.05), and remained elevated until the 
tolazoline infusion was discontinued. Mean main pulmonary 
artery and aortic pressures did not change during the infusion 
(Fig. 1). Furthermore, the difference between main pulmonary 
artery and aortic pressures did not change, suggesting no apparent 
ductal closure. Left atrial pressure was measured in five animals 
and remained constant throughout the study (2-4 mm Hg). 
Serial arterial blood gases from the main pulmonary artery were 
obtained before, during, and after the tolazoline infusion in four 
animals. Initial pH was 7.42 f 0.01, pOz was 19.5 f 0.6 tom, 
and pCO, was 46.8 + 1.5 torr. No significant changes were found 
during and after the tolazoline infusion. The same pattern of 
increased flow followed by rapid adaptation was seen in each 
individual animal studied and at all gestational ages (from 120 
to 140 days). The four animals that received a second infusion 
of tolazoline following a 30-min recovery period demonstrated a 
diminished vasodilatory response in comparison with the initial 
infusion. Flow increased slightly from a mean baseline of 70.2 + 
9.8 ml/min to a peak flow of 82.5 + 10.2 ml/min at 20 min ( p  
< 0.05). Flow at 20 min, however, was significantly less in 
comparison with the first infusion (1 16.8 + 10.1 ml/min; p < 
0.0 I). 

Pharmucokineticr of tolazolinr during continuous infusion. In 
three animals, measurements of tolazoline from left artery sam- 
ples were made before, during, and after tolazoline infusion at 
15-min intervals (gestational ages = 124, 126, and 134 days). 
During the infusion, concentrations steadily increased, peaking 
at 0.54 + 0.01 mg/liter (mean + SE) (range 0.53 to 0.56). Mean 
half-life was 50.3 min. 

Effects of histaminergic blockade on response to bolus injec- 
tions of tolazoline. Figure 2 illustrates the effects of H 1, H2, and 
combined H1 and H2 blockade on the vasodilatory response to 
the bolus injection of tolazoline. Tolazoline-induced increase in 
flow was reduced 56% by diphenhydramine and 56% by cime- 
tidine ( p  < 0.00 1). The administration of both agents completely 
inhibited the tolazoline-induced vasodilatation ( p  < 0.001). In- 
fusion of the blockers alone did not alter baseline flow. Small 
boluses of tolazoline (2.5 mg) injected at 10-min intervals do not 
lead to apparent tachyphylaxis. 

Effects of verapamil infusion. The continuous infusion of 
verapamil into the left pulmonary artery did not alter flow, heart 
rate, and main pulmonary artery and aortic pressures at the doses 
used in this study (40-80 pg/min). Infusion of verapamil with 
tolazoline, however, sustained the rise in flow throughout the 90- 
min infusion when compared with the response to tolazoline 
alone (p  < 0.001; Fig. 3). Baseline flows were similar in both 
groups. However, unlike the response to tolazoline alone, flow 
at 90 min was significantly different from baseline flow (107 k 
I I versus 6 1 + 1 1 ml/min; p < 0.0 1). 

Increased heart rate during infusions of tolazoline and tolazo- 

+ + + 
H ,  Hz %,Hz 

B lockade  B lockode  B l o c k a d e  

Fig. 2. Effect of HI,  H2, or combined receptor blockade on the 
response of pulmonary blood flow to bolus injections of tolazoline (2.5 
mg) into the LPA. Data are expressed as percent of maximal flow (Q), 
with the increase in Q following tolazoline without blockade representing 
100%. Comparisons are made between tolazoline alone versus tolazoline 
plus HI blockade (diphenhydramine, 10 mg), tolazoline plus H2 block- 
ade (cimetidine, 30 mg), and tolazoline plus combined blockade (diphen- 
hydramine plus cimetidine) (# = p < 0.001; analysis of variance). 

u Tolazol ine 
0 - -oTo lazo l~ne  and V e r a p a m ~ l  

30 60 90  120 150 
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Fig. 3. Hemodynamic response to the combined infusion of tolazo- 
line with verapamil into the LPA of fetal lambs (n = five animals). The 
hatched area represents the treatment period. The response to tolazoline 
plus verapamil was significantly greater than tolazoline alone ( p  < 0.001; 
repeated measures by analysis of variance) (# = p < 0.001; ## = p > 
0.05 in comparison to baseline values). 
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line plus verapamil were similar. Although pulmonary artery 
and aortic pressures did not change from control values with 
tolazoline alone, there was a small but statistically significant fall 
in mean pulmonary artery pressure (53.3 f 1.8 to 51.2 f 3.2 
mm Hg; p < 0.05) and aortic pressures (50.6 + 1.8 to 48.6 + 3.1 
mm Hg; p < 0.05) during the combined infusion. 

Cfects ufphentolarnine infusion. In six animals, the responses 
to tolazoline infusions over 90 min were compared to the re- 
sponses of tolazoline infusion with a-adrenergic blockade from 
phentolamine (Fig. 4). Although heart rate increased, phentola- 
mine infusion (0.1 mg/min for 90 min) into the LPA did not 
significantly alter flow or main pulmonary artery or aortic pres- 
sures. When tolazoline (4.5 mg/h) was infused with phentola- 
mine (after a 90-min pretreatment period of phentolamine 
alone), flow was more sustained in comparison to infusions of 
tolazoline alone ( p  < 0.01). However, a steady decline in flow 
still occurred. 

DISCUSSION 

Our results show that tolazoline is a pulmonary vasodilator in 
the chronically instrumented, normally oxygenated fetal sheep, 
and, as observed in the hypoxic newborn lamb (21), this vaso- 
dilatation is mediated by histamine receptors. With the pro- 
longed infusion of tolazoline, an adaptation occurs, such that 
pulmonary blood flow returns to preinfusion values despite 
continued exposure to increasing concentrations of the drug. The 
pulmonary circulation remains relatively refractory to a second 
infusion of tolazoline for at least 30 min after the first infusion 
is completed. When administered with tolazoline, verapamil 
prolongs the vasodilatory effect, with pulmonary blood flow 
being sustained throughout the 90-min infusion period of these 
experimental conditions. Phentolamine also augments tolazo- 
line's vasodilatory effect, but pulmonary blood flow is not sus- 
tained throughout the infusion period. Neither verapamil nor 
phentolamine affected pulmonary blood flow when infused with- 
out tolazoline. 

Despite the widespread use of tolazoline over the past 21 yr 
(9), its mechanism of action and efficacy in treating neonatal 
pulmonary hypertension remains unclear (24). "Tachyphylaxis" 
to tolazoline, described as the failure to sustain improvement in 
oxygenation and other parameters following an initial positive 
response to therapy, is a common clinical problem. The clinical 
significance of this problem may be related to the poor correla- 
tion between the initial response to tolazoline and subsequent 
outcomes reported in many studies (5, 1 1, 12). 

The failure to sustain vasodilatation despite the continuous 
infusion of tolazoline may reflect its diverse pharmacologic prop- 

- Tolazoline 
0-0 Tolazoline and Phentolamine 

0 I 
0 3 0 60 90 120 150 

Time (minutes) 

Fig. 4. Effect of phentolamine infusion on the vasodilatory response 
to tolazoline ( n  = 6). Ilutcl7edur-eu represents treatment period. Statistical 
comparisons are made with the response of Q to tolazoline infusions 
without phentolamine in the same animals (p  < 0.01; analysis of vari- 
ance). (# = p < 0.0 1 ;  ## = 11 > 0.05: in comparison to baseline values). 

erties or reflect traits intrinsic to the fetal pulmonary circulation. 
Tolazoline is a complex pharmacologic agent, possessing a vari- 
ety of adrenergic and histaminergic actions, whose overall effect 
is dependent on such variables as anesthetic agent (25), age (25), 
dose, baseline pulmonary vascular tone (26), and route of ad- 
ministration. Further difficulty in understanding tolazoline's 
properties may result from the release of endogenous histamine 
or catecholamines which may modulate its effects (27). Tachy- 
phylaxis due to the down-regulation of histamine receptors is 
one possible explanation of the adaptation to the continuous 
infusion of tolazoline. However, failure to sustain vasodilatation 
is not unique to tolazoline and has been observed with such 
diverse agents as small increases in arterial oxygen tension (28), 
acetylcholine (29,30), bradykinin (29), histamine (29), and pros- 
taglandins 12, D2, and E l  (3 1). Although the exact mechanism 
of this adaptation is not clear, the augmented response to tola- 
zoline with a-adrenergic blockade suggests that vasoconstriction 
may result from a-adrenergic stimulation from circulating cate- 
cholamines or increased neural tone. A similar mechanism may 
cause the reflex pulmonary vasoconstriction which follows me- 
chanical distension of the main pulmonary artery in newborn 
lambs (32). It is also possible that tolazoline's a-adrenergic ago- 
nist effects become more pronounced during prolonged infusion 
or with reduced pulmonary vascular resistance (26). Whether CY- 

adrenergic blockade augments the vasodilatory response to other 
agents, such as small increases in oxygen, is not known. 

An alternate explanation to the steady decrease in pulmonary 
blood flow despite tolazoline's continuous infusion is that cardiac 
output is steadily decreasing at higher drug concentrations. Car- 
diac output was not measured in these studies; however, it seems 
unlikely that this would explain these findings. Pulmonary vas- 
cular resistance is calculated by the difference between pulmo- 
nary artery and left atrial pressures divided by flow. In the 
absence of significant changes in pulmonary artery and left atrial 
pressures, altered pulmonary blood flow directly reflects changes 
in pulmonary vascular resistance. 

Although tachyphylaxis to the continuous infusions of tola- 
zoline in fetal lambs has been noted (30), this process had not 
been studied systematically. Previous studies have examined the 
effect of tolazoline in hypoxic newborn animals (16, 21, 33). 
Goetzman and Milstein (2 1) demonstrated its vasodilating prop- 
erties in newborn lambs with hypoxic pulmonary vasoconstric- 
tion, noting that although tolazoline was generally regarded as 
an a-adrenergic blocker, its effects involved histamine receptors. 
Lock et al. (16) demonstrated that tolazoline directly dilates 
pulmonary vasculature constricted by hypoxia, but that some of 
the response was indirect, secondary to an improved cardiac 
output and related changes, such as recruitment or improved 
mixed venous PO,. Interestingly, both studies administered to- 
lazoline as bolus infusions and found short durations of action, 
leading to the speculation that "a reflex mechanism" (21) or 
"multiple vascular control mechanisms" (16) exist in the hypoxic 
newborn lamb that keep the vascular bed in a constricted state. 
In the only reported study of prolonged infusion in the hypoxic 
newborn lamb, however, tolazoline's vasodilating effect was sus- 
tained throughout a 2-h infusion period (33). In comparison with 
other known fetal pulmonary vasodilators, and as seen with 
hypoxic newborn lambs (34), tolazoline's potency is poor, even 
with the infusion directly into the LPA. Furthermore, the mag- 
nitude of the response remained small, even when augmented 
with calcium-channel or a-adrenergic blockade. 

Since the early reports demonstrating inhibition of hypoxic 
pulmonary vasoconstriction in animal models (35) and efficacy 
in treating some adults with primary pulmonary hypertension, 
calcium channel blockers have been considered as potential 
therapeutic agents in treating PPHN. Recent studies in newborn 
animals, however, have demonstrated that although calcium- 
channel blockers appear to have some pulmonary vasodilating 
properties, the effect on vascular tone is not selective, and sys- 
temic hypotension is a common problem (36-39). We initially 
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studied verapamil in order to examine the response of the fetal 
pulmonary vascular bed to its local infusion. Finding no signifi- 
cant change in pulmonary vascular resistance, we then infused 
it with tolazoline in order to study the role of calcium in the 
adaptation mechanism. Although the vasodilatory effect of to- 
lazoline was augmented by verapamil infusion, the specific site 
of action is not known, and further studies will be necessary to 
delineate the mechanism of adaptation and the role of calcium. 
Although the possible therapeutic role of calcium channel block- 
ade has been suggested (35 ) ,  several animals not included in our 
analysis demonstrated marked bradycardia and hypotension dur- 
ing prolonged infusions of tolazoline and verapamil, suggesting 
that this combination may be poorly tolerated, especially in the 
asphyxiated newborn. Furthermore, bradycardia and hypoten- 
sion have been reported in infants treated with verapamil for 
supraventricular tachycardia (40). Similarly, although the com- 
bined infusion of tolazoline and phentolamine augmented pul- 
monary blood flow in the fetal lamb, its potential therapeutic 
role remains unknown. 

The ability of the fetal pulmonary circulation to restore its 
vascular tone to its initial constricted state in the face of increas- 
ing concentrations of tolazoline illustrates the complexity of 
factors regulating vascular tone. Lock et al. (16), for example, 
demonstrated that alterations in the resting tone of the newborn 
lamb's pulmonary circulation altered its response to catechol- 
amine infusion (41). Teleologically, it is not surprising that 
mechanisms maintaining high pulmonary vascular resistance 
exist in the fetus, since the lung does not perform gas exchange 
functions, and high flow in gestation may adversely affect lung 
development. We speculate that the persistence of such a mech- 
anism may be pathogenic in PPHN, suggesting the importance 
of studies examining pulmonary vasoreactivity in utero as well 
as in the newborn animal. 
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