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wet Teflon. This was not a problem when the surface
area was continuously diminished, the experimental condi-
tion we used for the surface tension-surface area isotherms,
probably because films of surface active material are rela-
tively viscous at surface tensions below 15-20 dynes/cm
and the change in area was rapid enough to prevent signifi-

rant lnce Af material fram the wettina Af tha Taflan ciinfana

lated percent ot DPC in the total lipid of lung components
other than pulmonary surfactant is 13 %. Since the amount
of pulmonary surfactant in dog lung may be 3 times
greater than that estimated from the recoveries of surface
active material, the percent of DPC in the total lipid of
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from other lung components.

From the above discussion, it appears that the four frac-
tions of surface active material have at least five of the six
physical and chemical properties of pulmonary surfactant
predicted from independent studies. The similarity of these
properties does not guarantee that the chemical composition

and rhieinal ataia ~F

+hn arsnfann Aantiven fanndinan A~ 2la

Dcarpeul ana Lolacicco (490) 19/v Gel nitrauon/electrophoresis/ DU oI
lavage fluid and homogenate

DC and DG of lavage fluid

DC and DG of homogenate

DC and DG of lavage fluid

1970
1970
1970

Pruitt et al. (41)
Frosolono et al. (15)
Reiss (43)

DC = differential centrifugation and DG = density gradient centrifugation.
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b) Is surface active material a ““lipoprotein?> This question
has been raised independently by two groups of investiga-
tors (45, 51). An unequivocal answer can only be obtained
by the isolation and analysis of the protein component in
surface active material found by some workers. The results
of this study show that fractions of surface active material
can be isolated which have reproducible amounts of protein
and which stay together as protein-lipid complexes under
several experimental techniques: /) isolation by density
gradient ultracentrifugation in a salt medium, 2) electro-
phoresis in agar/agarose gels, and 3) electrofocusing in a
pH gradient. All of these techniques should separate soluble
proteins, and the results of these experiments suggest only
a few alternative explanations: 7) the protein components
of these materials are contaminants entrained in the
lipid aggregates; 2) the protein components are not con-
taminants but instead are bound to the lipid by the types
of protein-lipid interactions found in other lipoproteins;
3) both 7 and 2 pertain, and the fractions contain both
specific and nonspecific proteins.

We have not repeated the experiments of either Steim
et al. (51) or Scarpelli et al. (45, 46); therefore, we can
only speculate as to why their procedures give surface active
fractions without protein. Steim and co-workers used
EDTA to disperse their lavage fluid, and this may have
weakened protein-lipid interactions dependent upon di-
valent cations, as has been reported for membrane lipo-
proteins (32, 33, 52). Scarpelli and Colacicco (46), how-
ever, separated their material by differential centrifugation
in salt media similar in composition and density to those
used in our study; our results and theirs should be in better
agreement. At present we are unable to explain all of the
discordant results; we think, however, that such differences
indicate that a more thorough investigation is required and
that final conclusions concerning the lipoprotein nature of
this material should be postponed.

¢) Carbohydrate components of surface active material. Only
trace amounts of hexose and hexosamine were found in
these fractions. This result does not support the contention
that surface active material is a lipopolysaccharide (45).

3) Relationship of Chemical Composition of Pulmonary Surfactant
lo tts Physical Properties and Phystological Functions

The results of the surface tension-surface area isotherms
and the adsorption study suggest that the chemical compo-
sition of pulmonary surfactant has evolved in a way that
promotes the maximum effectiveness in its physiological
function. Pulmonary surfactant contains a sufficient amount
of anenoic phospholipid so that a duplex film can reduce
the surface tension of the alveolar interface to the low values
required for stabilization of alveolar structure. However it
contains, in addition to anenoic phospholipid, components
which enable it to adsorb to the surface in times short
enough for normal requirements. A single constituent is
apparently not able to perform both functions, and the
chemical composition of pulmonary surfactant apparently
represents a compromise between components required to
lower the surface tension of the alveolar interface to less
than 10 dynes/cm, and components which function to
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give pulmonary surfactant appropriate adsorption rates.
The role of the protein is not clear, but the limited work
done in this study suggests that it may accelerate adsorption.
The conclusions regarding the functions of the lipid com-
ponents are in agreement with those reported earlier by
Redding and co-workers (42). Further work on the function
of the protein component is clearly indicated.

4) Significance of Three Surface Active Fractions Isolated from
Whole-Lung Homogenate

We isolated one fraction of surface active material from
the lavage fluid, but three fractions from the whole-lung
homogenate. These homogenate fractions could be re-
peatedly isolated with different, but reproducible, differ-
ences in protein content and isopycnic density. To evaluate
this finding, we first examine whether these differences are
greater than those attributable to experimental error; and
if so, whether the different fractions represent lung material
serving different physiological functions, whether they repre-
sent pulmonary surfactant in different states of synthesis or
secretion or whether they are simply artifacts of the isola-
tion procedure.

The first question can be answered using statistical
methods. A two-way analysis of variance of the physical
and chemical characteristics measured in 11 different
animals showed that two of these characteristics, protein
content and isopycnic density, differed significantly among
the three homogenate fractions (P < 0.01). The differences
in isopycnic densities may simply reflect differences in
protein content, but even so, the statistical analysis indi-
cates that the measured differences are greater than those
predicted by experimental error.

The other questions cannot be measured by the data
gathered in the present study. We surmise that the three
fractions do not represent material serving different physio-
logical functions, since their chemical compositions and
surface properties are similar. The three fractions could
represent pulmonary surfactant in different states of syn-
thesis or secretion; for instance, H7 might be extracellular
material that was not harvested by the lavage procedure,
and H2 and H3 could be intracellular material in two
different stages of elaboration. Although this hypothesis is
attractive, since it provides a means for examining the
metabolic pathways of pulmonary surfactant, the third
possibility, that the three fractions are artifacts of the
separation procedure, cannot be disregarded. This hypothe-
sis implies that there is only one protein-lipid composition
for pulmonary surfactant and that the three homogenate
fractions are obtained because the pulmonary surfactant
undergoes some perturbation during the isolation proce-
dure. For instance, the protein or lipid in the pulmonary
surfactant might exchange with the protein or lipid of other
components of the lung during and after homogenization.
This possibility is consistent with the variable yields of
these three fractions found in different preparations, but
it is not consistent with the relatively constant and distinct
protein compositions and isopycnic densities. We cannot
make a clear distinction between these latter two hypotheses
with the data in hand.
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5) Comparison with Other Results

Since the need for a surfactant capable of decreasing the
surface tension of the alveolar surface to very low values
was pointed out, there have been numerous attempts to
isolate such material in order to study its physical and
chemical properties. Table 7 gives a chronological listing
of the reports on the isolation and study of surface active
material. A perusal of this table suggests that increasingly
sophisticated methods have been used for its isolation, and
the most recent reports have incorporated differential and
density gradient centrifugations in the isolation procedures.
We shall attempt to place this latest method for the isolation
of surface active material (25) in perspective with those
that have preceded it and to mention some of the diffi-
culties in comparing the results of the various studies. The
discussion will not cover all of the work that has been
published on the isolation of surface active material, but
will concentrate on the major differences and similarities.

The most recent attempts at the isolation of surface ac-
tive material have begun with either the tracheal lavage
fluid or minced or homogenized lung, and have utilized
several purification procedures on each of these materials,
respectively. We found as did Scarpelli and Colacicco (46),
that the lavage fluid contained less contaminating materials
than did the lung homogenate, and therefore less extensive
isolation procedures can be utilized to isolate surface
active material from lavage fluid as compared with the
isolation from lung homogenate. We would therefore
expect the procedures of Steim et al. (51) and Scarpelli and
Colacicco (46) to give reproducible and homogeneous
fractions when these procedures are applied to the lavage
fluid and the chemical composition of these fractions to be
similar to that obtained by our methods. From the stand-
point of lipid composition, this appears to be true at least to
the extent that these workers, as well as most others, isolate
a product from lavage fluid which is rich in anenoic phos-
phatidylcholine. We have already discussed the differences
in protein composition and have suggested that this is a

TABLE 8. Swrface studies on preparations of surface active material
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question requiring further study. The conflicting results
indicate the caution required in the isolation of material
as complex as pulmonary surfactant, even when starting
with a relatively pure source such as the lavage fluid, and
illustrate how even minor procedural differences in the
preparative methods can result in products with different
chemical and possibly physical properties.

The separation of surface active material from lung
homogenate is more complex, but this procedure is required
to quantitate the total amount of surface active material or
to isolate intracellular surface active material and compare
its properties with that material after it has been secreted
into the alveolar subphase. We obtained three reproducible
surface active fractions from the homogenate, differing in
isopycnic density and protein content. To obtain these
three fractions of surface active material from the homoge-
nate, however, it was necessary to use an extensive pro-
cedure involving several steps of differential centrifugation
and two density gradients. Frosolono and co-workers (15)
have recently published a much shorter procedure for ob-
taining surface active material from lung homogenates, but
this procedure yielded only one surface active fraction
which was obtained in low yield (0.9 mg/g) and which
had wide density limits (1.060-1.100 g/ml), variable
lipid-to-protein ratio (standard deviation greater than 21 %
of the mean), and low specific surface activity (56 pg/cm?
at 12 dynes/cm). Apparently, the convenience of their
method is only gained at the expense of purity, reproduci-
bility, and yield of the isolated product. Although the de-
velopment of a short method for the isolation of surface
active material from lung homogenate is a desirable ob-
jective, it appears that additional work is required to
achieve this goal.

Table 7 lists the many methods that have been reported
to isolate pulmonary surfactant. One would like to know
which of the products of these methods duplicate the chemi-
cal composition and physical properties of surface active
material in situ, but to determine the chemical composition

Authors la 1b 2a

2b 3a 3b 4a 4b Sa 5b

Abrams (1)

Scarpelli et al. (45)

Finley et al. (13)

Klein and Margolis (27)
Said et al. (44)

Galdston et al. (17)

Steim et al. (50, 51)
Fujiwara et al. (16)
Williams et al. (57)

King and Clements (24)
Scarpelli and Colacicco (46)
Pruit et al. (41)

Frosolono et al. (15)

Reiss (43)

King and Clements (present study)
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la = Very low surface tension (<15 dynes/cm) at 25 C. 1b = Very low surface tension (<15 dynes/cm) at 37 C. 2a = Quantitation

of the surface tension-surface area isotherm at 25 C. 2b = Quantitation of the surface tension-surface area isotherm at 37 C. 3a =

Surface

compressibility at 25 C. 3b = Surface compressibility at 37 C. 4a = Rate of film collapse at 25 C. 4b = Rate of film collapse at 37 C.

5a = Rate of adsorption at 25 C. 5b = Rate of adsorption at 37 C.

1 Bubble stability (40).

* Not given, but the calculation may be made from the data.
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of the substance in situ requires a combination of chemical
specificity and resolution that is beyond present histochemi-
cal and electron microscopic techniques. On the other
hand, the physical properties of the alveolar lining can be
calculated from pressure-volume studies of the lungs, and
from these the physical properties of surface active material
in situ can be deduced for comparison with in vitro observa-
tions. We have listed in Table 8 the results of some perti-
nent kinds of surface studies mentioned in recent papers.
We have found that a meaningful comparison of products
is difficult, since so much of the necessary data have not been
reported, and no individual paper has included all of the
relevant tests. So far as we know, only Steim and co-workers
(50) and we have tested the surface properties of the iso-
lated materials at 37 C. We consider at present that such
tests are the best way of evaluating the physiological rele-
vance of the in vitro preparations and that until better
tests are evolved these should constitute criteria for accept-
ance of a substance as a pulmonary surfactant. Further
investigation of these properties of the surface active mate-
rials may also help to clarify some of the existing questions
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about their chemical composition, for example, the asso-
ciation of protein with them.

In perspective, we feel that we have substantially refined
the preparation of pulmonary surfactants; witness the
isolation from the dog lung of four distinct, reproducible,
highly active products. It seems to us, however, despite our
work and the work of many other investigators, that the
isolation of products having surface activity expected from
theory and also having exact molecular definition still
remains to be achieved.
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