
Fetal Rat Lung Development: Lipids and Surface Tension Properties 
After Decapitation in uterol (36572) 

WILL R. BLACKBURN, D. MARK POTTER, HENRY TRAVERS, 
L. L. GASSENHEIMER, AND RODNEY A. RHOADES 

Department of Pathology and the Laboratory !or Human Performance Research and the 

Hershey, Pennsylvania 17033 
Center f o r  Air Environment Studies, Pennsylvania State University, 

During embryologic development, the 
mammalian lung undergoes a unique bio- 
chemical differentiation which allows certain 
pneumocytes to rapidly synthesize surface 
active agents which, when released into the 
alveolar spaces, reduce the surface tension to 
levels allowing normal lung dynamics to oc- 
cur. The reduction of surface tension within 
the terminal respiratory spaces provides a 
stability to the lung which is critical for the 
survival of the newborn. These surface active 
substances, collectively termed “surfac- 
tants,” are rich in phospholipids, the most 
important of which is dipalmityl lecithin 
(1-4). Recent studies suggest that adrenal 
corticosteroids and/or thyroid hormones may 
play fundamental roles in initiating or regu- 
lating the synthesis or release of these criti- 
cally important surface active lipids in lung 

Most of the evidence, although indirect, 
suggests that type I1 pneumocytes are re- 
sponsible for the synthesis of surfactant. 
Electron microscope studies of these cells in- 
dicate that the phospholipid component is 
synthesized by the endoplasmic reticulum 
and ultimately is packaged in homogeneous 
granules containing components derived from 
the Golgi apparatus (9-12). Multiple lamel- 
lae in tightly packed, highly ordered, geomet- 
rical arrangements develop within these gran- 
ules as they reach maturity, hence the term 
“osmiophilic lamellar body” (OLB) . Ulti- 
mately these granules are secreted, presuma- 
bly by an exocrine process, onto the alveolar 
surface where the phospholipid component, in 
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(5-9). 

conjunction with other substances, forms a 
complex lining layer. This layer forms a 
structural interface between inspired air and 
the surrounding alveolar tissue which pre- 
vents collapse of the alveolus during periods 
of inspiration. At the molecular level, the 
major pathway for lecithin synthesis in lung 
involves the random acylation of diglycerides 
and condensation with cytidine diphospho- 
choline (13) .  Characteristically the fatty ac- 
ids of lecithins with surfactant properties are 
highly saturated. 

The factors which initiate or control the 
synthesis and release of surfactant are not 
well defined. Morphologic and biochemical 
studies suggest that both synthesis and secre- 
tion are exocrine phenomena influenced by 
hormonal and neurohumoral agents ( 14-1 6). 
Goldenberg, Buckingham and Sommers (14) 
propose that surfactant release may be under 
a vagal control system. Recent studies imply 
that in mature lung cortisone and thyroxine 
influence the rate of surfactant synthesis and 
release. In  immature fetal lungs, cortisone is 
reported to stimulate surfactant production, 
thereby promoting the functional maturation 
of lung (5, 7, 8). These studies have raised 
the possibility that certain endocrine events 
may be responsible for either initiating sur- 
factant synthesis or regulating its rate of syn- 
thesis or release. 

The present experiments were performed 
to determine the effects of in utero decapita- 
tion on the biochemical and biophysical prop- 
erties of developing lung. Decapitation in the 
rat early in fetal life results in a profound 
adrenal insufficiency and to a much lesser 
extent, thyroid deficiency ( 17-20). These 
effects are mediated primarily through the 
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FIG. 1 .  Type I1 pneumocyte of full term rat fetus containing numerous osmiophilic lamellar 
bodies (OLB) in various stages of development. At this stage of cytodifferentiation, little glycogen 
( G )  is present ; however, ribosomal and endoplasmic reticular elements are relatively abundant. 
(N) Nucleus ; (M)  mitochondria. 

FIG. 2. Type I1 pneumocyte from full term rat fetus decapitated on day 16 in utero demonstrat- 
ing massive glycogen pool (GI, few osmiophilic bodies (OLB) and relatively little endoplasmic 
reticulum. A few small surface microvilli (arrows) are present. (L) Lipid; N, nucleus. 
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fetal pituitary and are not a result of an 
absence of the brain or hypothalamus (17, 
2 1, 22). Decapitation does not profoundly 
affect organogenesis or somatic growth. 

Haterials and Methods. Fetal rats were 
decapitated in utero during day 16 of gesta- 
tion when the lungs were in the bronchial 
budding stage. Sham-operated litter mates 
served as controls. The fetuses were allowed 
to continue differentiation until term (day 
2 2 ) .  The lungs from fully mature live fetuses 
were processed for light and electron micros- 
copy, lipid composition, and surface tension 
reducing properties. 

Lipids, extracted by the method of Folch, 
Lees and Sloane-Stanley (23) were dried un- 
der nitrogen and resuspended in chloro- 
form-methanol ( 2 : l )  to a known volume. 
Phospholipids were separated from neutral 
lipids by subjecting a known aliquot from 
each sample to silicic acid chromatography 
(24).  The phospholipids were dried under 
nitrogen and resuspended to a known volume 
in chloroform-methanol mixture. Phos- 
phatidyl choline was separated by thin layer 
chromatography ( 2 5) .  Following visualiza- 
tion and direct mineralization by sulfuric 
acid, the phosphorus content was determined 
for phospholipid quantitation (26) .  Both to- 
tal phospholipid and phosphatidyl choline 
samples were run in triplicate. Phospholipid 
weights were calculated on the basis of P X 
25. An aliquot from pooled phospholipid ex- 
tracts was methylated (27) and analyzed for 
fatty acid composition. Peak areas were mea- 
sured by computing peak height times the 
width at half height. The percentage of the 
saturated fatty acids is taken from acids with 
chain lengths 14:0, 16:0, 18:O. 

Maximum ( ymau) and minimum ( ymin) 
surface tensions were determined on a modi- 
fied Wilhelmy balance (28) from lung minces 
prepared by pooling 2 g whole lung in 
physiological saline ( 10 ml/g tissue). The 
crude lung extract was passed through gauze 
(to remove tissue debris) into a clean Tef- 
lon trough and allowed to age for 10 min. 
The material was then cyclically compressed 
and expanded twice from 100 to 15% area; 
the second cycle was recorded. Duration of 
one full cycle was 9 min. 

Results. Histological studies of the lungs of 

decapitated fetuses revealed an enlargement 
of the alveolar spaces. The size, shape and 
number of pneumocytes did not appear to be 
altered. These findings indicate that decapi- 
tation does not greatly influence the histo- 
genesis of lung or that patency of the trachea 
or swallowing is necessary for alveolar space 
formation. At the level of the electron mi- 
croscope (cf. Figs. l and 2), type I1 pneu- 
mocytes contained increased quantities of 
glycogen and relatively few OLB at  all stages 
of differentiation (9) .  These changes suggest 
that decapitation results in impaired cytodiff- 
erentiation of type I1 pneumocytes and a 
decrease in surfactant production. Alterations 
in quantity or quality of intraalveolar lamel- 
lar materials were not observed. 

The lipids in lungs of normal and decapi- 
tated fetuses a t  day 22 are shown in Table I. 
The lungs of decapitates showed a significant 
reduction in total lipids, phospholipids, and 
lecithin. The percentage lof phospholipid fatty 
acids (PFA) (Table 11) in these lungs were 
markedly aItered with the major differences 
occurring in the C-16:O and (2-18 family. 
The degree of saturation of PFA in decapi- 
tated lungs was also diminished. The surface 

TABLE I. Lipid and Surface Tension Measure- 
ments of Decapitated and Normal (Sham-oper- 

ated) Petal  Lungs. 

Av k SE 

De- 
Normal capitated 

Total lipid ( N  = 7) 
(mg/g wet wt) 

Phospholipid ( N  = 6) 
(ing/mg lipid) 

Leeithin ( N  = 6) 
(mg/mg phospholipid) 

Surface tension 
min y (dynes/cm) 

( N  = 6)  

max 7 (dynes/cm) 
( N  = 6)  

27.2 
e 0 . 9 3 5  

0.451 
k 0.032 

0.580 
r+ 0.012 

13.7 
- +1.18 

29.9 
k 0.353 

15.3b 
2.55 

0.332h 
kO.011  

0.47gb 
k0 .018  

19.5" 
k 0.72 

39.4" 
1 1 . 4 3  
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TABLE 11. Percentage of Phospholipid Fa t ty  Acids." 

14:O 15:O 16:O 1G:l 17:O 18:O 18:l 18:2 %Sat. 
~ ~ 

Normal 2.1 2.5 63.7 7.7 0.8 8.2 11.4 3.6 74.0 

Decapitated 0.9 3.5 45.1 5.5 1.8 15.2 22.3 5.2 61.8 

"F i r s t  number of fa t ty  acid designation is chain length; second is number of double bonds. 

activity of lung minces from these animals 
failed to reduce surface tension to that of the 
normal values (Table I). 

The results of these integrated morpholog- 
ic, biochemical and biophysical studies indi- 
cate that the obliteration of the fetal pitui- 
tary early in lung differentiation does not 
greatly impair histogenesis. At the level of 
the electron microscope, however, type I1 
pneumocy tes appear immature, containing 
large quantitites of glycogen and relatively 
few OLB. This immaturity is further reflect- 
ed by deficiencies in pulmonary lipids, espe- 
cially phospholipids, and the inability of 
these lungs to effectively initiate and promote 
surface active properties. 

Previous studies have shown that in utero 
decapitation of the rat results in a deficiency 
of ACTH, TSH and in turn, the hormones of 
the adrenal cortex and thyroid. A deficiency 
or absence of these hormones in the fetus 
leads to altered lipid metabolism character- 
ized by an increase in the lipids of liver, 
blood and subcutaneous tissues ( 2 9-3 2 ) . 
These effects are due primarily to adrenal 
corticosteroids and not thyroxine (33). Al- 
though growth hormone is also known to 
affect lipid metabolism, most studies suggest 
that a deficiency in this hormone does not 
occur in the decapitated rat fetus (17, 
29-32). Collectively these data strongly im- 
ply that the alterations in lipid metabolism 
accompanying in utero decapitation are medi- 
ated through the pituitary-adrenal axis. 

The observation that lung phospholipids 
are depressed in the decapitated fetus indi- 
cates that lipid metabolism in lung is unique 
and is largely independent of the mechanisms 
regulating lipid metabolism in the liver and 
possibly other organs. Other workers, using 
different model systems, have reached similar 
conclusions ( 3  4,3 5 ) . 

Few studies of the influences of hormones 
on phospholipid metabolism have been re- 

ported, and these have concerned primarily 
the effects of pituitary hormones on target 
receptor cells ( 1  7-20, 36, 37). The action of 
these agents on phospholipid metabolism in 
lung has not been reported. Studies of the 
effects of thyroxine and cortisone on lung 
compliance and on the ability of lung minces 
to reduce surface tension indirectly imply 
that these hormones increase surfactant syn- 
thesis, its release, or half-life ( 5 ,  7, 8). Our 
data show that phospholipid synthesis may 
be initiated in the lung in the presence of 
adrenal and thyroid deficiency, but that these 
phospholipids do not accumulate to normal 
levels by the time of birth. 

Summary. Decapitation in utero produces 
hormonal deficiencies which do not influence 
lung organogenesis but retards pneumocyte 
differentiation at  the organelle and molecular 
levels. Such lungs contain decreased quanti- 
ties of phospholipid and functionally are im- 
paired in their ability to reduce surface ten- 
sion to normal levels. The mechanisms by 
which these alterations are produced are most 
likely related to hormonal deficiencies dur- 
ing fetal development. These deficiencies may 
specifically alter lung phospholipid metabo- 
lism. Retardation of phospholipid metabolism 
may, however, be secondary to a more gener- 
alized retardation of pneumocyte differentia- 
tion. We favor the latter hypothesis in so far 
as pituitary failure occurring in man and 
animals with fully mature lungs does not lead 
to clinical respiratory distress (33, 38). Fur- 
ther inquiry into the manner in which hor- 
mones influence lung metabolism will require 
evaluation of the effect of specific hormonal 
replacements on in utero decapitated or hy- 
pophysectomized fetuses and on lung ex- 
plants differentiating in vitro. 

1. Adams, F. H., Fujiwara, T., Emmanouilides, G. 

2 .  Klaus, M. H., Clements, J. A., and Have], R. 
C., and Raiha, N., J. Pediat. 77, 833 (197'0). 

J., Proc. Nat. Acad. Sci. U S A .  47, 1858 (#1961). 



EXPERIMENTAL ANENCEPHALY AND LUNG DEVELOPMENT 889 

3. Pattle, R. E., Physiol. Rev. 45,48 (1965). 
4. Scarpelli, E. M., “The Eurfactant System of the 

Lung.” Lea and Febiger, Philadelphia (1968). 
5. Knelson, J. H., Arch. Intern. Med. 127, 421 

(1971). 
6. Naeye, R. L., and Harcke, T., Jr., J. Pediat. 

47, 650 (1971). 
7. Kotas, R. V., and Avery, M. E., J.  Appl. 

Physiol. 30,358 (1971). 
8.  Wang, N. S., Kotas, R. V., Avery, M. E., and 

Thurlbeck, W. M., J. Appl. Physiol. 30, 362 
(1971). 

9. Blackburn, W. R., Travers, H., and Potter, D. 
M., Lab. Invest. 26, 306 (1972). 

10. Kikkawa, Y., and Spitzer, R., Anat. Rcc. 163, 
525 (1969). 

11. Lambson, R. O., and Cohn, J. E., Amer. J. 
Anat. 122, 631 (1968). 

12. Sorokin, S. P., J. Histochem. Cytochem. 14, 
884 (1964). 

13. Tombropoulos, E. G., Arch. Intern. Med. 127, 
408 (1971). 

14. Goldenberg, V. E., Buckingham, S., and Som- 
mers, S. C., Lab. Invest. 20, 147 (1969). 

15. Bensch, K., Schaefer, K., and Avery, M. E., 
Science 145, 1318 (1964). 

16. Macklin, C. C., Lancet 266, 1099 (19.54). 
17. Jost, A., and Picon, L., in “Advances in Meta- 

bolic Disorders” (R. Levine and R. Luft, eds.), Vol. 
4, p. 123. Academic Press, New York (1970). 

18. Geloso, J. P., and Bernard, B., Acta En- 
docrinol. 56, 561 (1967). 

19. Liberti, J. P., Navon, R. S., Longman, E. S., 
and Jezyk, P. F., Proc. SOC. Exp. Biol. Med. 133, 
1346 (1970). 

20. Liggins, G. C., and Kennedy, P. C., J. 
Endocrinol. 40,371 (1968). 

21. Fujita, T., Eguchi, Y., Morikawa, Y.,  and 
Hashimoto, Y.,  Anat. Rec. 166,659 (19’10). 

22. Nomura, T., Jap. J. 2001. 12, 301 (1959). 
23. Folch, J., Lees, M., and Sloane-Stanley, G. H., 

24. Hirsch, J., and Ahrens, E. H., Jr., J. Biol. 

25. Godish, D., and Rhoades, R. A., Respirat. 

26. Kahovcova, J., and Odavic, R., J. Chroma- 

27. Marinetti, G. V., Biochemistry 1,350 (1962). 
28. Williams, R. A., Rhoades, R. A., and Adams, 

29. ROUX, J. F., and Yoshioka, T., Clin. Obstet. 

30. Bearn, J. G., Antonis, A., and Pilkington, T. 

31. Browne, F. J,, Edinburgh Med. J. 25, 296 

32. Morikawa, Y., and Eguchi, Y., Endocrinol. 

33. Picon, L., J. Physiol. (Paris) 60, 275 (1968). 
34. Wolfe, B. M. J., Anhalt, B., Beck, J. C., 

and Rubinstein, D., Can. J. Biochem. 48, 170 
(1970). 

35. Heinemann, H. O.,  and Fishman, A. P., 
Physiol. Rev. 49, 1 (1969). 

36. Heap, R. B., Symons, A. M., and Watkins, J. 
C., Biochim. Biophys. Acta 218,482 (1970). 

37. Yokoe, Y., Means, A. R., and Hall, P. F., 
Biochim. Biophys. Acta 187, 278 (1969). 

38. Migeon, C. J., Kenny, E. M., Kowa,rski, A., 
Snipes, C. A., Spauldmg, J. S., Finkelstein, J. W., 
and Blizzard, R. M., Pediat. Res. 2, 501 (1968). 

J. Biol. Chem. 226, 497 (1957). 

Chem. 233, 311 (1958). 

Physiol. 10,396 (1970). 

togr. 40, 90 (1969). 

W. S., Med. Biol. Eng., in press. 

Gynecol. 13, 595 (1970). 

R. E., J. Endocrinol. 37, 479 (1967). 

(1920). 

Jap. 13, 189 (1966). 

Received Jan. 26, 1972. P.S.E.B.M., 1972, Vol. 140. 


