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Summary 

Aminophyllin, dexamethasone, or saline was injected into 27.5- 
day fetal rabbits 2.5 hr before sacrifice, after which static pressure- 
volume curves with air were performed. In further similar experi- 
ments the lungs were lavaged with physiologic saline which was 
analyzed for total phospholipid content. There were no changes in 
total lung capacity (TLC) induced with either aminophyllin or 
dexamethasone. The lungs of fetal rabbits injected with saline 
retained 44% TLC (23  SE) after deflation to 10 cm Hz0 trans- 
pulmonary pressure compared with 48% TLC ( f 3  SE) in those 
injected with dexamethasone, a difference which was not statisti- 
cally significant. In contrast, the lungs of fetal rabbits injected 
with aminophyllin retained 53% TLC ( f 2  SE) after deflation to 10 
cm Hz0 pressure, a significant increase when compared with 
saline controls ( P  < 0.01). There were no changes in lung weight 
or lung water. These results were interpreted to mean that ami- 
nophyllin decreased surface tension and augmented secretion of 
pulmonary surfactant. This was supported by fmding significantly 
increased total phospholipid recovered in the lung lavage fluid of 
fetal rabbits injected with aminophyllin, 62 pg/g dry lung weight 
(f 6 SE) compared with 32 pg/g dry lung weight (+3 SE) in saline 
controls ( P  < 0.05). Phospholipid recovered from dexamethasone- 
injected fetal rabbits was not significantly increased, 38 pg/g dry 
lung weight ( f  4 SE). 

Speculation 

Although other explanations cannot be excluded, the effect of 
aminophyllin in promoting secretion of surfactant is consistent 
with proposals that the secretory process is under control of 
CAMP. 

Hyaline membrane disease (HMD) in premature newborn in- 
fants is due to a deficiency of surfactant in the air spaces of lung. 
Although the frequency of HMD increases with decreasing ges- 
tational age, it has been suggested that enough surfactant is present 
in the parenchyma of lung by 30 weeks of gestation to line the air 
spaces up to 40 times (14). An important step, however, is secretion 
of the surfactant material from storage sites within the granular 
pneumocyte. Because the concentration of lecithin in amniotic 
fluid increases sharply, the secretory process is thought to be 
greatly enhanced in the normal human fetus at about 35 weeks of 
gestation (10). Although this process may be under control of 
glucocorticoid hormones (8), attention has also been directed - 
towards the role of P-adreneigic catecholamines (20). It has been 
proposed that the latter augment the secretory process by stimu- 
lating adenyl cyclase, which would result in increased levels of 
cAMP (17). Another way to increase cAMP is to inhibit the 
enzyme cAMP phosphodiesterase, which is responsible for further 
metabolism and hence inactivation of cAMP (3). We have injected 
fetal rabbits with aminophyllin (Searle ~aboiatories), a competi- 
tive inhibitor of phosphodiesterase, and dexamethasone (Merck, 

Sharp and Dohme), a glucocorticoid hormone, and after a com- 
paratively 'short interval examined the lungs for evidence of 
increases in surfactant secretion. 

MATERIALS AND METHODS 

Twenty-five pregnant White New Zealand rabbits (Rich-glo 
Experimental Animal Farm, El Campo, TX) of 27.5 days of 
gestation (6) were used in these experiments. Each doe was 
anesthetized by inhalation of methoxyflurane in a mixture of air 
and oxygen. The uterus was exposed by midline abdominal inci- 
sion under semisterile operating conditions. 

Each fetus in each litter was given an ip injection (6) with either 
aminophyllin (5 mg) in a volume of 0.1 ml, dexamethasone (1 mg) 
in 0.1 ml saline, or with 0.1 ml saline alone. The abdominal 
incision was closed with a continuous suture and the doe allowed 
to recover. After 2.5 hr the abdomen was reopened under anes- 
thesia and the fetal rabbits delivered by hysterotomy. They were 
k i e d  immediately by ip injection of pentobarbital (20 mg). Fetal 
rabbits showing no sign of movement after delivery and before 
sacrifice were discarded. 

After weighing each newborn rabbit, a tracheostomy tube was 
ligated in place (Clay Adams, PE-50). All fetal rabbits in each 
litter then had performed either a lung static pressure-volume 
curve with air followed by measurements of wet and dry lung 
weight, or they had a lung lavage with saline followed by mea- 
surement of dry lung weight. The methods used for obtaining the 
pressure-volume curves with air and measuring wet and dry lung 
weight have been previously described (6). 

The volume of air in the lung at 30 cm Hz0 inflation pressure 
was defined as total lung capacity (TLC). The deflation curves 
were analyzed by expressing the volume of air remaining in the 
lung at each pressure as a percentage of TLC (%TLC). Special 
attention was given to the value at 10 cm H20 pressure (%TLC- 
10). The volume of air, expressed as %TLC, evacuated between 5 
and 0 cm Hz0 (5-0 %TLC) was also calculated. The ratio of wet 
lung weight to body weight (LW/BW) and the lung water content 
(%H20) were obtained from measurements of wet and dry lung 
weight. 

Lung lavage was performed in individual fetal rabbits five times 
using physiologic saline. At the beginning of each cycle the syringe 
contained 2.0 ml fresh saline, but the volume injected was usually 
1.0-1.5 ml, based on 1.0 m1/20 g body weight. The fluid from five 
cycles in each fetal rabbit was combined, but if more than a total 
of 0.5 ml did not return (recovery less than 90%), the fetal rabbit 
was discarded. Each sample of fluid (9.5-10.0 ml) was centrifuged 
at 1000 X g for 5 min at 0' to remove cells and debris (1 1). Then 
8 ml chloroform-methanol (2:l) was added to 2 ml supernatant, 
vortexed, and centrifuged with 1000 x g for 15 min at 0" (9). After 
removal of the top methanol layer and interfacial pellicle, washing 
of the bottom chloroform layer was performed with 0.4 ml water 
and repeat centrifugation. After removal of the top water layer, 1- 
ml samples of chloroform were analyzed in triplicate for phospho- 
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rus by the method of Chen et al. (4). The values for phosphorus 
were converted to total phospholipid by multiplying by 25 (9), and 
then standardized for dry lung weight in grams. Preliminary 
experiments showed that 5 lavages obtained better than 90% of 
the phospholipid phosphorus obtained with 15 lavages, and that 
the last 5 lavages contained negligible amounts of phospholipid 
phosphorus indicating that recovery was complete. 

In the statistical analysis of results only litters with at least five 
data points were included, which in practice meant that data 
points from each litter always numbered 5-10. The mean values 
reported (+SE) represent the mean for all individual fetal rabbits 
in a particular experimental group. In assessing the significance of 
differences with Student's t-test, however, the number used was 
the number of litters, and the mean used was the mean of the 
average values for each litter (1). The latter value always corre- 
sponded closely with the reported mean for all individual fetal 
rabbits. 

RESULTS 

The number of litters, fetal rabbits, deaths, and failed proce- 
dures, together with the number of pressure-volume curves and 
lung lavage samples included in each experimental series, is given 
in Table 1. There was an increase in deaths, possibly attributable 
to the drug in litters injected with aminophyllin but not with 
dexamethasone. 

The lungs of all fetal rabbits having pressure-volume curves 
appeared fully expanded with air before deflation. The TLC for 
lungs of fetal rabbits injected with aminophyllin or dexamethasone 
was similar to the TLC of saline-injected controls (Table 2). On 
deflation to low transpulmonary pressures the lungs of fetal rabbits 
injected with aminophyllin (Fig. l), but not those of fetal rabbits 
injected with dexamethasone (Fig. 2), retained significantly more 
air expressed as %TLC than the lungs of saline-injected controls. 
The greatest difference was reflected in the values for %TLC-10 
(Table 2). Whereas the slope on deflation below 10-15 cm Hz0 in 
lungs of fetal rabbits injected with saline or dexamethasone tended 
to decrease progressively (Fig. 2) in the lungs of fetal rabbits 
injected with aminophyllin, the slope on deflation below 10-15 
cm H 2 0  remained constant (Fig. 1). The values for 5-0 %TLC 
were significantly higher in the lungs of fetal rabbits injected with 
aminophyllin (Table 2). There was no changes in LW/BW or % 
H 2 0  (Table 2). 

Significantly more phospholipid was recovered by lavage from 
the lungs of fetal rabbits injected with aminophyllin than from 
saline controls (Table 2), but this was not the case in fetal rabbits 
injected with dexamethasone. 

No significant differences in behavior compared to saline con- 
trols were observed in does whose litters were injected with 
dexamethasone or aminophyllin. 

DISCUSSION 

These experiments demonstrate that aminophyllin, but not dex- 
amethasone, injected into 27.5-day fetal rabbits 2.5 hr before 
sacrifice, produced significantly increased retention of air when 

Table 1. Experimental population having pressure-volume (P- V) 
curves with air or lunn lavane with saline' 

P-v 
Litters Fetuses Deaths Discards2 curves Lavages 

Saline 5 40 0 2 38 
4 33 0 1 32 

Dexameth- 3 26 0 1 25 
asone 4 3 1 0 0 31 

Amino- 5 38 0 2 36 
phyllin 4 32 4 1 27 

' Litters of less than five fetal rabbits were not included. 
' Discarded for technical failure in lavage or P-V curve. 

Table 2. Data infetal rabbits injected with saline, dexamethasone, 
or aminophyllinl 

Saline Dexamethasone Amino~hvllin 

pL/g @g)' 32 38 623 
*3 *4 f 6  

' Values are mean * SE for all individual fetal rabbits compared with 
saline controls. 

'P < 0.01. 
P < 0.05 (see Materials and Methods). 
Phospholipid per gram dry lung weight. 
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Fig. 1. Mean data for static pressure-volume curves with air in 27.5-day 
fetal rabbits injected with aminophyllin or saline 2.5 hr before sacrifice. 
Differences are significant at 10 cm Hz0 (P  < 0.01). 
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lungs were deflated. Increased airway closure with air-trapping 
can be excluded because there was no decrease in the volume of 
air evacuated at very low transpulmonary pressures (5-0 %TLC) 
when most airway closure would be expected (19). The most likely 
explanation for the change induced with aminophyllin is a marked 
reduction in surface tension, since retention of air at relatively low 
pressures under static conditions is almost entirely dependent on 
surface rather than tissue compliance in fetal rabbit lungs (6). This 
interpretation is supported by the observation that the deflation 
slope below 10 cm H 2 0  in fetal rabbits injected with aminophyllii 
remained constant (Fig. I), whereas it decreased in those injected 
with saliie or dexamethasone (Fig. 2), an important difference 
also reflected in the significantly higher values for 5-0 %TLC in 
fetal rabbits injected with aminophyllin (Table 2). Such a change 
in shape of the deflation curve is believed to reflect a decrease in 
surface tension (6) induced with aminophyllin. 
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Fig. 2. Mean data for static pressure-volume curves with air in 27.5-day 
fetal labbits injected with dexamethasone or saline 2.5 hr before sacrifice. 
Differences are not statistically significant. 

To explain decreased surface tension it is reasonable to postulate 
reduction in a surfactant inhibitor such as water (16) or protein 
(18). In the lungs of fetal rabbits injected with aminophyllin the 
water content remained the same as in controls (Table 2), but it is 
not possible to exclude a change in lung proteins. Nevertheless, 
the most likely explanation for decreased surface tension with 
aminophyllin is increased secretion of surfactant into the air spaces 
of lung, presumably from the granular pneumocytes. 

The major component of the pulmonary surfactant is phospho- 
lipid, although about 20% is composed of neutral lipid and protein 
(5), not included in measurements of total phospholipid. Whereas 
many phospholipids possess at least some surface activity, the 
most active fraction is thought to be dipalmityl phosphatidylcho- 
line (12), which makes up an increasing proportion of the total 
phospholipid in lung lavage fluid with advancing gestation (9). 
The proportion of surface-active phospholipid in lung lavage fluid 
is significantly higher than in lung parenchyma (13). Although the 
measurement of total phospholipid in lung lavage fluid is a 
relatively crude index, there is good reason to believe it is repre- 
sentative of an important component of the pulmonary surfactant. 
Furthermore, presumably because total phospholipid in lung la- 
vage is interrelated with parenchymal phospholipid, measure- 
ments of total phospholipid in lung tissue correlate well with other 
indices of surface tension in the lung such as the pressure-volume 
diagram (2). Thus, the observation that aminophyllin produced a 
significant increase in the total phospholipid recovered by lung 
lavage strongly supports the conclusion that decreased surface 
tension, as demonstrated with the static pressure-volume curve, 
was due to increased secretion of pulmonary surfactant. 

It has been suggested that dexamethasone may play a role 
inducing not only synthesis but also secretion of surfactant in fetal 
lambs, but the effect was of delayed onset and seen only after at 
least 1.5 days of infusion with dexamethasone (15). Evidence 
consistently suggests that glucocorticoids take several days to 
produce an effect on surfactant production in the lung (7). This 
was reflected in the observation that unlike aminophyllin, dexa- 
methasone given to fetal rabbits 2.5 hr before sacrifice had no 
significant effect on the static pressure-volume curve or on the 
recovery of phospholipid by lung lavage (Table 2). Thus it would 

appear unlikely that dexamethasone has a direct effect upon the 
secretory process. 

CONCLUSION 

Pressure-volume curves with air were used to assess surface 
tension in the lungs of fetal rabbits at 27.5 days of gestation. The 
lungs of fetal rabbits injected with aminophyllin 2.5 hr before 
sacrifice retained more air on deflation than lungs of fetal rabbits 
injected only with saline. The interpretation that this was due to 
reduced surface tension associated with augmented surfactant 
secretion was supported by finding increased phospholipid re- 
covered in lung lavage from fetal rabbits injected with amino- 
phyllin. In contrast, dexamethasone injected in 27.5-day fetal 
rabbits for 2.5 hr under similar conditions produced no significant 
change in surface tension or phospholipid recovered by lung 
lavage. 
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