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Extract 

In monolayer cultures prepared from fetal rabbit lungs of 28 
days gestation, cortisol, dexamethasone, and L-thyroxine 
enhanced choline incorporation into lecithin, but  had n o  
effect on  the methylation pathway. Heroin did not  affect the 
incorporation of either precursor. Hyperoxia and metabolic 
acidosis decreased lecithin biosynthesis from both precursors. 
Over 90% of the lecithin was recovered from the cells after 6 
hr of incubation. Release of newly synthesized lecithin was 
low until 10-1 2 hr, then rapidly increased, reaching 40-50% 
after 24 hr. The proportion of the lecithin which was 
disaturated was not  different between the intracellular and 
extracellular compartments. None of the experimental vari- 
ables altered the degree of saturation. Short term mixed cell 
cultures provide a useful approach to the study of mammalian 
lung development. 

Speculation 

The study of mixed populations of fetal lung cells under 
conditions of short term monolayer culture provides a simple 
means of studying the influence of various agents and culture 
conditions on the biosynthesis of disaturated lecithin, a 
biochemical index of pulmonary maturation. This approach 
allows the study of viable, functioning cells under conditions 
which can be precisely controlled and which can be 
manipulated in a variety of ways. Inductive effects, which may 
require a lag time of hours or days, can be demonstrated 
readily. 

The maturation of the fetal lung is linked to the formation 
of a surface-active alveolar lining layer, generally referred t o  as 
the pulmonary surfactant, which contains a high proportion of 
dipalmityl lecithin (4). This surface-active phospholipid is 
thought t o  be produced in alveolar t y p e  II cells by two 
possible pathways (1 1): (1) the incorporation of choline into 
an a ,  0-diglyceride, and (2) the introduction of three methyl 
groups, derived from methionine, into phosphatidyl ethanola- 
mine. Much interest has been shown in the enhancement of 
surfactant biosynthesis by pharmacologic means (2) and a 
number of agents, including corticosteroids (7, 13 - 15, 23), 
thyroxine (20, 25), and heroin (22) have been reported t o  be 
active in this respect. We previously described the maintenance 
in culture of mixed cell populations of fetal rabbit lung in 
which active incorporation of (' C)palmitate into lecithin was 
demonstrated and which, in  cultures derived from late 
gestation fetuses, were responsive t o  glucocorticoids in terms 
of increased incorporation of palmitate into lecithin (21). In 
the present study, we examine the effects of various agents 
and culture conditions o n  the pathways of lecithin biosyn- 
thesis in a similar cell preparation. 

MATERIALS AND METHODS 

Ham's F-10 tissue culture medium (26) was supplemented 
with 10% fetal calf serum (27), penicillin (100 U/ml) (28), 
gentamicin (10 pg/ml) (29), and amphotericin B (5 pg/ml) 
(30). This preparation will subsequently be referred t o  as 
"control medium." Experimental media were prepared by 
addition t o  the control medium of cortisol (31) at  a 
concentration of 5.5 X 10-6M as described previously (2 I),  
dexamethasone (5.5 X 10-8M) (32), thyroxine (10-6M) (33), 
or heroin (10-8M) (34). In addition, metabolic acidosis was 
simulated by titration of the control medium (pH 7.40) t o  a 
pH of 6.90 with 1 N hydrochloric acid and hyperoxia by 
bubbling 95% 0215% C 0 2  into the control medium until a 
Po, of 3 50  Torr was achieved. 

This preparation of  the cell cultures has been described in 
detail previously (2 1). It involves the exposure of lungs 
obtained from fetal rabbits o f  known time of gestation t o  
0.25% trypsin (35) in calcium-free Krebs-Ringer bicarbonate 
buffer. In the present experiments, the fetal lungs obtained 
from three litters of 28 days gestation were pooled, minced, 
and stirred at  37O in this enzyme mixture until all tissue 
fragments were dispersed. The tissue digest was filtered 
through four layers of sterile cotton gauze and centrifuged for 
1 0  min at  200 X g. After two washes of the cell pellet, the 
cells were resuspended in control medium and aliquots 
containing 2 X lo6  cells were transferred into plastic culture 
flasks with a surface area of 25 cm2 (36) which contained 
either control media or media with cortisol, dexamethasone, 
thyroxine, or heroin. Five replicate flasks were prepared for 
each variable. The flasks were flushed with 5% C 0 2 ,  tightly 
stoppered, and maintained at  37'. Media were changed 24 hr  
after implantation and every 4 8  hr thereafter. In the case of 
cells exposed t o  hyperoxia o r  acidosis, the cells were 
implanted in control medium and the appropriate experi- 
mental media were added only after 72 hr  in order to  allow 
the cultures t o  become established under optimal conditions. 

Six days after implantation, when all cultures had reached 
confluence, the media were replaced with 5 ml of serum-free 
F-10 culture medium containing equimolar amounts (1.5 
nmol) of choline chloride, (3H)methyl (2 X lo6  dpm, sp act 
2.34 Ci/mmol) (37), and S-adenosyl-L-methionine, (' C) 
methyl (2 X l o 5  dpm, sp act 58 mCi/mmol) (37). After 
incubation for 6 hr, the media were decanted and the cells 
rinsed with 1 ml isotonic saline solution. The rinses were 
added t o  the media. The cells were detached from the surface 
of the flasks with the aid of a rubber policeman, resuspended 
in saline solution, and disrupted by sonication. The cells and 
media were processed separately for  the chromatographic 
isolation of radiolabeled lecithin, as described previously (21). 
Aliquots of the recovered lecithins were counted for their 
content of each isotope in a Packard Tri Carb liquid 
scintillation spectrometer, model 4322, with an efficiency for 
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14C and 3 H  of 59% and 17%, respectively. Results were 
calculated from the amounts of either 3 H  or 14C incorporated 
into lecithin, and in either case are expressed as picomoles of 
lecithin formed from these precursors (38). The mean and 
standard deviation were calculated for each group of observa- 
tions and differences were compared using Student's t test. 

After counting of radioactivity, the remaining lecithin 
fractions were pooled within the various experimental groups 
and the percentage of disaturated lecithin determined for each 
by thin layer chromatography of the mercuric acetate adducts 
(16,21). 

In a separate group of cultures, the time course of lecithin 
biosynthesis and release into the culture medium was studied 
over a period of 24 hr, after the addition of serum-free 
medium containing (3H)choline in the same concentration as 
quoted above. 

RESULTS 

The amounts of lecithin, recovered in the cells or from the 
media, formed from either (3 H)choline or (' C)methionine 
after 6 hr of incubation, are shown in Table 1. Cortisol, 
dexamethasone, and L-thyroxine enhanced choline incorpora- 
tion but had no effect on the methylation pathway. Cortisol 
enhanced total (as measured in the cells plus the media) 
choline incorporation from 14.9 f 3.1 pmol lecithinlflask to 
34.7 f 10.6 (T 3.439, P < 0.01), dexamethasone from 14.9 + 
3.1 to 37.4 + 7.9 (T 5.885, P < 0.001), and L-thyroxine from 
14.9 f 3.1 to 31.3 f 9.2 (T 3.755, P < 0.01). Heroin had no 
effect on the incorporation of either precursor. 

Hyperoxia and metabolic acidosis decreased lecithin biosyn- 
thesis from both precursors to a similar extent; under 
conditions of acidosis, choline incorporation was reduced to 
6.9 f 3.0 (T 4.080, P < 0.01) and methylation to 0.5 5 0.1 (T 
4.620, P < 0.01); in the case of hyperoxia, choline 
incorporation was reduced to 9.4 f 1.8 (T 3.323, P < 0.01) 
and methylation to 0.6 f 0.2 (T 4.223, P < 0.01). 

In all cases, over 90% of the lecithin was recovered from the 
cells. However, when the incubation was continued for a more 
prolonged time period (Fig. l) ,  it was found that, although 
synthesis was maximal in the first 12- 18 hr, the release of 
newly synthesized lecithin (as monitored by the release into 
the media of labeled lecithin) was low until 10-12 hr, then 
rapidly increased, reaching 40-50% after 24 hr. 

The proportion of the recovered lecithin which was 
disaturated ranged from 50 to 6 1% (mean 54%) (Table 2) and 
there was no difference between the intracellular and 
extracellular compartments. None of the experimental vari- 
ables altered the degree of saturation. 

DISCUSSION 

The enhancing effect of glucocorticoids and thyroxine on 
the synthesis of disaturated lecithin as reported here is in 

general agreement with results of studies carried out in a 
variety of species, which have established that these hormones 
can induce accelerated maturation of the fetal lung (7, 13-15, 
20, 23, 25). Heroin, however, had no effect on lecithin 
biosynthesis in the fetal lung cell cultures, although i t  
enhances pulmonary maturation in the fetal rabbit in vivo 
(22). This suggests that heroin acts on the lung by mechanisms 
different than those involved in the action of the above 
hormones. 

Exposure of the cells to acidosis depressed the incorporation 
of both precursors into lecithin, although it has been suggested 
that in vivo the methylation pathway of lecithin synthesis is 
more sensitive to acidosis (12). However, it might be that less 
drastic changes in pH would have had a different effect. 

The toxic effect of oxygen on both adult and neonatal lung 
resulting in unstable pressure-volume relations is well known, 
although the mechanism of this toxicity remains unclear (5). 
The present study suggests that it could be linked, at least in 
part, to a depressor effect on lecithin synthesis. In this 
context, it is of interest that hyperoxia has recently been 
shown to cause a loss of mitochondria1 granules from type II 
cells (17). However, the possibility remains that in our 
experimental conditions the effect of oxygen was a non- 
specific one mediated through the release of lysosomal 
enzymes (19). 

The degree of saturation of the lecithins was remarkably 
constant, varying from 50 to 61%, and no differences were 
observed between the intracellular and extracellular pools, 
This suggests that the mechanism of release, as it operates in 
this system, does not differentiate between saturated and 
unsaturated lecithins. Similarly, while cortisol, dexametha- 
sone, and thyroxine enhanced lecithin synthesis via choline 
incorporation, they did not affect the proportion which was 

Table 2. Percentage o f  recovered lecithins found 
to be disaturatedl 

Disaturated lecithin, % 

Culture conditions2 Cells Media 

Control 5 0 6 1 
Cortisol 52 5 5 
Dexamethasone 54 5 3 
L-Thyroxine 59 5 3 
Heroin 54 55 
Hyperoxia 5 1 50 
Acidosis 52 52 

' As determined from the pooled lecithin fractions. 
For the concentrations of the experimental variables see Materials 

and Methods. 

Table 1. Picomoles o f  lecithin ( f S D )  formed from incorporation o f  ( 3 ~ ) c h o l i n e  and (I 4 ~ ) m e t h i o n i n e  and 
recovered in cellular and media fractions1 

Lecithin formed from ( 3  H)choline Lecithin formed from ( I  C)methionine 
incorporation, pmol incorporation, pmol 

Culture conditions Cells Medium Total Cells Medium Total 

Control 14.3 c 3.3 0.7 c 0.3 14.9 c 3.1 1.7 + 0.6 0.09 t 0.03 1.8 c 0.6 
Cortisol (5.5 X 10 -6 M) 34.3 c 10.6 0.4 c 0.1 34.7 c 10.6 1.6 c 0.4 0.09 c 0.02 1.7 c 0.4 
Dexamethasone (5.5 X M) 37.1 + 7.9 0.3 t 0.1 37.4 c 7.9 1.4 + 0.5 0.10 t 0.03 1.5 c 0.5 
L-Thyroxine (10 -6 M) 30.7 c 9.1 0.6 + 0.1 31.3 t 9.2 1.1 + 0.3 0.10 c 0.02 1.2 c 0.3 
Heroin (10 M) 23.5 c 10.7 0.4 + 0.1 23.9 c 10.8 1.7 + 0.4 0.09 t 0.04 1.8 + 0.4 
Hyperoxia (Po, 350) 9.4 c 1.8 0.2 + 0.1 9.5 c 1.8 0.5 c 0.2 0.04 t 0.02 - 0.6 + 0.2 
Acidosis (pH 6.90) 6.9 t 3.0 0.1 c 0.05 6.9 c 3.0 0.4 + 0.1 0.05 c 0.02 0.5 c 0.1 

After 6 hr of incubation with cells prepared from 28 day gestation fetal rabbit lungs and maintained in culture for 6 days. 
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disaturated. This could indicate that the action of these hor- 
mones on the biosynthetic process takes place beyond the  
introduction of the acyl groups, an assumption which is prob- 
ably correct in the  case of glucocorticoids inasmuch as they 
have been shown t o  increase the content and/or activity of 
lung choline phosphotransferase (8). 

It  is believed that the pulmonary t y p e  11 cell synthesizes and 
stores surfactant in intracellular lamellar inclusions. This 
material is later secreted into the alveolar space where, a t  the 
alveolar-air interface, its surface active properties enhance lung 
stability (18). Interestingly, the time course of lecithin 
synthesis and release (Fig. 1) observed,in culture appears to  
follow a similar sequence of events. Cultures pretreated with 
cortisol for 6 days showed enhanced incorporation of the 
precursor into lecithin in the intracellular compartment and, 
subsequently, increased amounts were released into the media. 

Thus, despite the mixed, and essentially undefined, cell 
types present, these cultures respond in a way which is both 
biochemically reproducible and which, by and large, is in 
remarkable agreement with current concepts of fetal pulmo- 
nary maturation and lecithin synthesis. Certainly, it  cannot be 
stated whether the effects noted are direct effects on the 
surfactant-synthesizing cell, the alveolar t y p e  II cell. Hormone 
induction of enzyme activity is now generally recognized, and, 
in the case of steroids, it is believed that such effects are 
preceeded by binding of the steroid t o  specific cytoplasmic 
receptors. The steroid-receptor complex then migrates t o  the 
nucleus where it  is bound and affects the genome in a manner 
as yet undefined (24). Specific cytoplasmic binding proteins 
and nuclear receptor sites have been described in both rabbit 
and human fetal lung (3 ,  9,  10). It  is therefore possible that 
the enhancement of choline incorporation into lecithin 
observed in cultures exposed to these steroids is induced in a 
similar manner. Certainly our results, together with the 
observations of Farrell and Zachman (8), which show 
increased choline phosphotransferase activity in rabbit fetal 
lung in response t o  corticosteroids, favor the view that enzyme 
induction is involved. However, induction of enzymes in the 
alveolar t y p e  II cells need not be a direct effect of the 
hormone on  these cells, but  could involve effects on  other cell 
types leading t o  the formation of intercellular mediators which 
would act upon the target t y p e  II cell. Alescio and Dani (1) 
have shown in embryonic mouse lung that glucocorticoid- 
induced glycogen deposition in epithelial cells is dependent 
upon the presence of homologous mesenchymal elements. It 
cannot be entirely ruled out  that these hormones possess the 
ability t o  stimulate differential growth of various cell types, 

60 -control cells 

0 .-*-- control media 

50 -cortisol cells = 1 
I--*-- cortisol media / 

incubation time (hours) 

Fig. 1.  The effect of time of incubation o n  the incorporation of 
(3 H)choline i n t o  lecithin recovered in the cells (-) and media (- - -) 
of monolayer cultures of cells prepared from 28 day gestation rabbit 
fetal lungs and maintained in vitro for 6.days. The increased activity of 
cortisol pretreated cultures ( 0 )  in relation to  control cultures (.) can be 
seen. Abscissa: length of incubation (hours); ordinate: picomoles of 
lecithin recovered per flask. 

resulting in a larger population of t y p e  11 cells after a period of 
in vi tro growth. Indeed, we reported previously that cortisol 
favored epithelial growth, as opposed t o  fibroblastic prolifera- 
tion, in this system (2 1). 

Although the precise answers t o  these questions must await 
the development of techniques t o  isolate and maintain pure 
populations of the various lung cell types in vitro, short term 
mixed cell cultures such as those used here appear t o  provide a 
useful approach to the study of mammalian lung development, 
especially if the results obtained are carefully analyzed in light 
of observations made in more complex systen~s. 

SUMMARY 

We have used short term mixed monolayer cell cultures 
prepared from fetal rabbit lungs at 28 days gestation t o  
examine the effects of various agents and culture conditions 
on lecithin biosynthesis. Cortisol, dexamethasone, and L-thy- 
roxine enhance lecithin synthesis solely by their effects on 
choline incorporation. Heroin was inactive. Acidosis and 
hyperoxia reduce lecithin synthesis, depressing both biosyn- 
thetic pathways t o  a similar extent. The time course of lecithin 
synthesis and release indicates that there is a lag between 
choline incorporation into lecithin and release of this 
phospholipid into the medium. Cell culture techniques can 
provide a useful approach t o  the study of developmental 
processes. 
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