
similar surface constituent. The malig- 
nant cell lines HeLa (cervical cancer), 
HEp2 (laryngeal carcinoma), and 256 
(rat sarcoma) were investigated un- 
der comparable conditions and demon- 
strated similar prepotential records. On 
the other hand, cultures of normal hu- 
man embryonic heart and embryonic 
kidney rarely showed detectable prepo- 
tentials; normal monkey kidney and 
normal human lung cells (WI-38) sel- 
dom gave prepotential records except 
in cases in which the cells were rounded 
just prior to mitosis. This may have re- 
flected an increase in cell surface chem- 
icals during the G2 phase of the cell 
cycle and the early mitotic process (15). 
Investigation of normal trophoblast and 
benign molar tumors of the trophoblast, 
as well as the malignant trophoblast, 
revealed prepotentials similar to those 
found in the malignant cell group. This 
r:version of malignant cell surface char- 
acteristics to that of a primitive tropho- 
blast suggested a common biologic 
denominator between normal reproduc- 
tion and cancer. 
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Pulmonary Surfactant and Evolution of the Lungs 

Abstract. Pulmonary surfactant has been looked for and found in 11 repre- 
sentatives of four vertebrate classes. The amount of surfactant, estimated by 
quantitative spreading as a surface film, correlates well with alveolar surface area 
and with the amount of saturated, mainly dipalmitoyl, phosphatidylcholine in the 
lung parenchyma. The quantities of other phospholipids do not correlate well 
with alveolar surface area. 
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The area of the alveolar surface of 
the lungs differs greatly among verte- 
brate species and is related to the rate 
at which oxygen is demanded by the 
individual. This relationship, clearly 
shown for mammals (1), also obtains 
for some lower vertebrates, such as the 
frog, the turtle, and the chicken (2). 
About 4.5 m2 of respiratory surface is 
apparently needed for each millimole 
of oxygen absorbed per minute, and 
the required area is provided in the 
more active animals by subdivision of 
the lung into very small air spaces. Sta- 
bilization of this structure is attributed 
to the presence of a phospholipid-rich 
surfactant which can lower alveolar 
surface tension nearly to zero (3). The 
purposes of this investigation (4) were 
to determine whether the quantity of 
surfactant present in various lungs is 
appropriate to their respiratory surface 
area and whether their lipid composi- 
tion reflects such a relationship. Pre- 
vious studies did not quantify the sur- 
factant (5, 6) and did not reveal func- 
tionally significant differences (see 7, 
8) in percentage composition of the 
lipids. 

The lungs were excised from adult 
animals under anesthesia (guinea pig, 
rabbit, mouse, dog, sea lion, rat, 
chicken, turtle, and frog) or obtained 
fresh from the abattoir (cow) and im- 
mediately chilled in crushed ice. Hu- 
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man lung tissue, obtained during thor- 
acotomy for bronchiogenic carcinoma 
and examined for absence of pathologic 
changes, was similarly processed. 
Weighed samples of parenchyma con- 
taining as little airway tissue as possi- 
ble were homogenized thoroughly with 
30 times their weight of 0.9 percent 
sodium chloride and centrifuged at 
500g for 5 minutes to sediment frag- 
ments of connective tissue and cartilage. 
A small sample of the supernatant was 
dispersed in twice its volume of iso- 
propyl alcohol (9) for demonstration of 
surfactant by efficient spreading on the 
surface of 0.9 percent sodium chloride 
in a surface balance similar to that 
described by Harkins and Anderson 
(10). Area was 350 cm2 initially and 
was decreased at a constant rate of 4.5 
cm2/sec. Measurements were made at 
room temperature (24? to 26?C). The 
area occupied by the surface film when 
compressed so that surface tension fell 
to 12 dyne/cm (11) was taken as a 
measure of the amount of surface ac- 
tive material (SAM) in the sample. Mul- 
tiplying this area by the ratio of the 
volume of the homogenate to the 
volume of the sample and by the ratio 
of the weight of the lung to the weight 
of the tissue sample gave the area cov- 
erable by surfactant in the whole lung. 
Other tissues (heart, liver, kidney) did 
not contain the surfactant as determined 
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Table 1. Correlation of surfactant, pulmonary surface area, and phospholipid concentrations 
in vertebrate lungs. Symbols: N, number of replicate lipid analyses; PE, phosphatidylethanola- 
mines; SPH, sphingomyelins; LPC, lysophosphatidylcholines; PCu, phosphatidylcholines con- 
taining one or more ethylenic bonds; PCS, phosphatidylcholines containing no ethylenic bonds; 
Asp, specific area; SAM, surface active material; r, correlation coefficient; P, probability of 
correlation. Phospholipid concentrations in milligrams per gram of fresh tissue, mean values. 
Standard errors of means averaged 9 percent of the means. Specific area in square centimeters 
per gram of fresh tissue. Surface active material in square centimeters of surface coverable 
at 12 dyne/cm by extracted surfactant per gram of fresh tissue. Each correlation coefficient 
gives the correlation between the component listed above it and A,p. 

Animal N PE SPH LPC PC,, PCs Asp SAM 

Mouse 6 5.80 2.82 0.34 10.50 6.55 2985 9500 
Guinea pig 4 6.49 3.46 .68 11.20 7.95 2811 9500 
Rat 12 5.23 2.76 .35 10.33 5.00 2186 6400 
Rabbit 10 5.54 3.45 .39 9.60 5.20 2091 7700 
Sea lion 4 2.83 2.08 .14 5.10 6.90 1600 7900 
Chicken 6 5.16 2.67 .25 6.58 4.72 1590 4700 
Dog 4 4.49 4.10 .37 9.90 5.20 1378 8600 
Man 2 1.41 2.46 .50 3.20 3.90 1253 6700 
Cow 4 5.65 4.18 .22 9.30 2.30 831 4600 
Turtle 6 2.28 1.50 .14 4.59 0.31 214 440 
Frog 3 3.24 1.74 .25 8.97 .63 117 190 
r .65 .39 .58 .50 .90 .87 
P <.05 >.2 >.05 >.1 <.01 <.01 
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Fig. 1. Relationship of surfactant to al- 
veolar area. Quantity of surfactant is ex- 
pressed as the area coverable by extracted 
surface active material at a surface tension 
of 12 dyne/cm. The solid line indicates 
the amount of surfactant theoretically 
needed to cover the pulmonary surface 
with a single film. Each species appears 
to have a reserve. 

by this test since they failed to give 
surface tensions as low as 12 dyne/ 
cm. Purified surfactants, such as di- 
palmitoyl phosphatidylcholine and pul- 
monary surface-active lipoprotein from 
the dog (12) have been assayed with a 
precision of better than 5 percent by 
this method. We chose this technique, 
which does not incorporate any purifi- 
cation step, because of our unwilling- 
ness to make an a priori assumption 
about the chemical nature of the sur- 
factants of various species. We cannot 
be sure that components of the tissue 
that are not directly related to the al- 
veolar surfaces have been completely 
excluded from the film in the surface 
balance at 12 dyne/cm. Our method 
would define them, therefore, as sur- 
factant. Unfortunately, no chemically 
specific quantitative method for pul- 
monary surfactant exists at present to 
test this possibility. 

Similar samples of tissue were ho- 
mogenized with a mixture of chloro- 
form and methanol (2:1 by volume) to 
extract the lipids. The homogenates 
were separated and assayed by standard 
chromatographic and analytical meth- 
ods (13). Special attention was given to 
isolation and estimation of saturated 
phosphatidylcholine (containing no 
ethylenic linkages) because of the prom- 
inence of this kind of substance in 
mammalian pulmonary surfactant (14). 
Unsaturated phosphatidylcholines were 
separated as mercuric acetate adducts 
by chromatography on silicic acid col- 
umns. An internal standard of dipal- 
mitoyl phosphatidylcholine containing 
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carbon-14 (synthesized in our laboratory 
by F. Rehbinder) was added to correct 
for losses during fractionation. 

Values for alveolar surface area were 
culled from the literature for guinea 
pig, rabbit, mouse, dog, rat, cow, man, 
chicken, and frog (1, 15). Area of the 
turtle lung was estimated on expanded, 
dried specimens by determination of 
net volume and average size of air space 
of the alveolated tissue. Area of sea 
lion lungs was calculated from pressure 
and volume measurements (16). For 
comparison of species, specific area 
(A,p) was defined as the ratio of alveo- 
lar surface area to fresh weight of the 
lung. 

The amount of surfactant estimated 
in these 11 kinds of lungs correlates 
well (r = .99, P < .01) with their alveo- 
lar surface area (Fig. 1). The wide 
range of lung size contributes to this 
correlation, but comparison of specific 
area and surfactant concentration in 
Table 1 confirms the correlation (r = 
.87, P <.01) with size removed as a 
factor, despite the crudeness of the 
estimates of area and surfactant. 

Among the phospholipids assayed in 
these lungs only the concentrations of 
phosphatidylcholines containing no eth- 
ylenic linkages (PCs) correlate well (r = 
.90, P < .01) with Asp (Table 1). The 
fatty acid substituents of each PCs frac- 
tion were determined by gas-liquid 
chromatography (13) in- order to re- 
veal any contamination with phospha- 
tidylcholines containing unsaturated 
acids. These were absent, but in each 
animal species palmitic acid made up 
93 to 99 percent of the saturated sub- 
stituents of PCs. Thus, the PCs fractions 
are principally dipalmitoyl phosphati- 
dylcholine, the predominant component 
of purified surfactant in several mam- 
mals. Not shown in Table 1 is the cor- 
relation between PCs and SAM (r = 
.93, P < .01). These data make it likely 
that the pulmonary surfactants of non- 
mammalian vertebrates are also rich in 
dipalmitoyl phosphatidylcholine. De- 
tailed analyses of purified surfactants 
from a variety of species are needed to 
test the generality of this conclusion. 

This work confirms previous studies 
that did not show phylogenetic trends 
in the distribution of the major pul- 
monary phospholipid classes (7, 8) and 
adds the observation that the content of 
dipalmitoyl phosphatidylcholine per 
unit weight of tissue varies widely 
among species. It does not confirm re- 
ports that surfactant is absent from the 
lungs of amphibia, reptiles, and birds 

(5, 8) but does support those (6, 17) 
that suggest its presence. 

Despite the hazards of drawing con- 
clusions about the evolution of verte- 
brate lungs from a comparison of pres- 
ent-day forms (18), one is tempted to 
suggest that the striking structural de- 
velopment of the lungs did not require 
obvious biochemical changes. The data 
presented here are consistent with the 
suggestion that components with puta- 
tive functions at the alveolar surface 
remain in a fairly constant proportion 
to the respiratory surface area and that 
substances subserving cellular needs are 
related principally to the mass of the 
pulmonary tissue. If such a conclusion 
is valid it provides a simple example 
of the unity of biochemical organization 
in the biological world. 
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