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I. INTRCDUCTION

In the past 10=15 years, basic biological research
has progressed greatly in defining the pulmonary surfactant
system. The reason for specialized focus on this system
is because it plays a particularly significant role in the
survival of newborn infants. The lack of pulmonary surfactant
is intimately linked to the respiratory distress syndrome
(RDS) in infants which is also called the hyaline membrane
disease (HMD). This disease appears to be the cause of
30% of all neonatal deaths and 50-70% of premature infant
deaths (Crofton and Douglas, 1969). According to Northway
and Daily (1972), 25% of "liveborn premature infants," and
1-2% of all newborn infants develop this disease. Because
this disease accounts for such a large portion of infant
deaths, scientists are invelved in research which may allow
better treatment and perhaps prevention of this disesse.

The basic cause of this disease is not knewn. However,
it appears as though the "maturity" of the pulmonary surfactant
system at birth is an important faotor in this disease.
From the statistics cited above, it appears as if prematurity
predisposes an infant to develop this disease. As will be
shown in this report, in premature animals the surfactant
system is not fully developed. However, treatment with
corticosteroids appears to accelerate the development of the
system and may prolong survival of animals (Avery, 1973).

Avery (1973) constructed a table froem various sources
showing things which are known for certain, or are vprobable,
or are pessible in relation to this disease. A few things
which are known with certainty will be mentioned here., The
disease cccurs near the time of birth, and death or recovery
occurs in %-5 days. Reduced lung compliance (elasticity),
low systemic blood pressure, reduced effectivs pulmonary
blood flow, and cyanosis are additional characteristics.
Pathological observations include regions of atelectasis
(collapse) of alveoli, and formation of hyaline membranes.
The hyaline membrane lines the alveoli and is made up of
"sloughed cell debris in a protein matrix" (Crofton ané
Douglas, 1969). These membranes contain fibrins (Avery,
1973). The etiology of the disease is definitely linked to
surfactant deficiency (Avery, 1973). Evidence Tor this comes
from the "effectiveness of continuous distending airway
pressure" (Avery, 1973). These and other cliniecal and
pathological symptoms are characteristic of this disease,

The general consensus appears to be that alveolar collapse

due to a lack of pulmecnary surfactant is a primary factor of
the disease. Bates et al. (1971) (citing various sources)
gave possible causes of this disease which include "asphyxia,
hypoperfusion of the pulmonary vasculature, or a fibrinclytic-
enzyme defect,"

This report will focuse on the pulmonary surfactant
system itself., TFour basic topics will be covered. The first
topic will mainly define the system which includes the
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composition, structure, and synthesis of surfactant. Secondly,

the discussion will center on the type II cell and model
systems. The third topic will deal with varicus treatments
of animals and/or lung tissues in order to determine what
agents or conditions might control surfactant synthesis and
secretion., A discussion of proposed researeh will be the
fourth topie. Due to the rather broad scope of this paper,
an attempt will be made to cover significant points about
this subject. The reader should keep in mind that this
report, as with any publication, is limited by the author's
biases toward certain information and is limited to this
author's knowledge of the field. ZEven though some portions
of this subject are covered superficially, the report should
provide a thorough background for anyone interested in
studying the pulmonary surfactant system.
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II. LUNG DEVELOPMENT

Before plunging into a discussion of pulmonary surfactant,
lung development will be briefly ocutlined. This will provide
some orientation as tc the time and place ¢f the events ’
leading up to and following surfactant production.

Lung development as described here will be very general.
Development will be discussed mainly in terms of the human
lung. (Most of the material here comes frcm books or review
articles). Most animal lungs share the same general pattern
of development with some variation (¥Williams, 1977). IEngel
(1962) has compared the alveolar diameter in lungs of different
species (see Table 1) and he found that the diameter range
is very small even though they differ greatly in body size.
He (Engel, 1962) also noted that rat and mouse lungs have
"true acinar structure,'" but the mouse acini are primitive.
Engel (1962) stated that the lungs of mice and rats did not
require a bronchial tree due to their small size, and termed
their branched structure as a "bronchiclar tree,"

In humans, the lung first appears as a shallow groove in
the ventral wall of the foregut, just cephalad to the liver
and stomach, by 22-26 days after fertilization (5mm long
embryo) (Strang, 1977). The lung epithelial lining cells
are derived from endoderm, and the "auxilliary" tissues such
as pleura, muscle, cartilage, and blood vessels are mescdermal
and mesenchymal derivatives (Williams, 1977). FPulmonary
elastic tissue and lymphatic tissue are also derived from
mesenchyme (Emery, 1969a). In humans, the caudal end of the
groove froms a single small pouch which later divides (Zmery,
196%a;: Strang, 1977). Eowever, in the mouse, there are
initially two separate lung buds which later fuse at their
bases forming a "primary branch peint" (Spooner ani VWessells,
1970). Later, the gut tube gives rise to the dorsal esophagus
and ventral trachea at the primary branch point (Spooner and
iessells, 1970). The epithelial component of these buds
form a sheet of cells which grow more rapidly than the
surrounding mesoderm, and branch to form the bronchial tree
(Strang, 1977). The branching pattern of lungs depends on
the interaction of epithelium and its surrounding mesoderm
(Williams, 1977; Strang, 1977). For a short review of how
mesoderm, and collagen produced by the mesoderm, influence
lung branching, see the review by Strang (1977). The formation
of alveoli is the final and one of the most important steps
in lung development. The type II alveolar epithelial cell,
believed to produce surface-active material which prevents
coellapse of alveoli in the air-breathing infant, appears
at various stages of development depending on the animal
studied. Osmiophilic inclusion bodies (CIB's), presumably
the surfactant storage sites in type II cells, appear at the
following times:

18 days in the mouse fetus (19 days = term)
120 days in the lamb fetus (147 days = term)
24 days in the rabbit fetus (31 days = term)
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22«26 weeks in the human fetus (40 weeks = term)
(Strang, 1977).

Much alveolar growth apparently occurs postnatally in humans
but some alveolar ducts, alveolar sacs, and alveoli appear
befor? birth (or term) (Northway and Daily, 1972; Emery,
1969b).

Lung development is generally broken down into three
stages: 1) The glandular period =~ characterized by respira-
tory tubules lined by tall columnar epithelia, unassociated
with capillaries (Williams, 1977). This stage occurs up to
about the fourth month of human fetal gestation (Zmery, 1969a).
2) The canalicular period - characterized by respiratory
tubules with brecad lumens becoming "apposed to the capillary
network," according to Williams (1977). Emery (1969a
described this as a period during which bronchi are dividing,
sometimes "dichotomously," and often monopodially. There
is increased vascularization but capillaries are not yet
"intimately" in contact with the epithelium. 3) The alveolar
period - type I cells apparently form thin cytoplasmic
extensions which are in contact with capillaries %to form
"gttenuated blood-gas barriers" (Williams, 1977). In humans,
this period begins around six months (Emery, 1969a) and
alveolarization continues through to postnatal life (Northway
and Daily, 1972; Emery, 1969b). TFor a view of human lung
anatomy at the cellular level (electron microscopic) through-
out development see Cornen and Balis (1969).

Table 1. (Engel, 1962)

e —  — _—— —— —______——— — —— — — —

Animal Alveolar Diameter
Mouse 0.005

Rat 0.1

Guinea Pig 0505

Rabbit C.1

Goat 0,07

Man 0.2

Elephant 0.25%

The factors which control the onset of respiration are

not fully understood. During delivery, lung fluid is expelled
and the remaining fluid in the lungs is thought to be removed
through the lymphatic (Northway and Daily, 1972; Strang, 1977)
and capillary circulations (Northway and Daily, 1972).
Purves (1967) has performed studies on the initiation of
respiration. Figure 1 after his drawing (Purves, 1967)
diagrams the proposed events at the onset of respiration.
The hypothesis involves chemcreceptors in the regulation of

breathing., A number of stimuli apparently activate the respira-
- tory center of the brain at birth, then the sympathetic
activity results in activation of the chemoreceptors (Purves,
1967). The review by Strang (1977) provides more up-to-date
information on the initiation and control of neonatal breathing
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which includes evidence that chemoreceptors are depressed
in the fetus. :

The whole of lung development is much more complex than
presented here. However, it gives one an idea of where the
events of surfactant production fit in to the overall pattern
of development. This report will deal mainly with the
activities of alveolar type Il cells and the surface-active
material which these cells produce.

e e ———
Figure 1. (after Figure I from Purves, 1967)

Sequence of Events at Onset of Respiration

Temperature

Touch\ l /PrOPrioception
Pain—
"\
\\
'L \

Phrenic Sympathetic

—— i T~

. /
Chemoreceptors’

"The respiratory centre (R.C.) is activated by sensory
impulses from the periphery which, in turn, causes rhythmic
activity in phrenic and efferent sympathetic nerves. One
consequence of this may be activation of the peripheral
chemcreceptors."

(Note: Much of the material used in the introduction was
derived from reviews and books - original papers were not
cited here).
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III, DEFINING THE SURFACTANT SYSTEM

In the past several years, the biochemical make-up of
pulmonary surfactant has been studied carefully. Pulmonary
surfactant is a combination of mainly lipid and protein
molecules (Farrell and Avery, 1975) which are secreted by the
type II alveolar epithelial cell during late gestation in
most experimental animals, as will be seen in future sections
(OIB's occur around mid-gestation in humans - see Strang
(1977) from the development section). The purpose of the
surfactant appears to be that of lowering surface tension
at the air-liquid interface in the alveoli, thus preventing
their collapse (Xing, 1974).

In this section of the report, the phospholipid and
protein compositions of adult lung surfactant will be discussed,
with brief attention to carbohydrate composition. A monograph
written by Clements and Xing (1976) provides a good overview
of the lipid and carbohydrate composition but emphasizes
the protein composition. After establishing the composition,
proposed structures for intracellular and extracellular
surfactant will be covered. TFinally, ideas on the synthesis
(including enzyme and lipid profiles during development)
of surfactant will be presented.

A. Phospholipid Composition of Adult Lung

The isolation and identification of surface-active
material from lung washings has made it possible to determine
the content of pulmonary surfactant itself. 'Lung wash
fractions with surface tension lowering capabilities appear
to be primarily lipid in nature and, as will be seen in the
protein section, there may be specific proteins associated
with surfactant (King, 1974).

According to a reveiw by Farrell and Avery (1975)
surfactant is composed of 85% lipid, 13% protein, <1.7%
hexose, <0,7% nucleic acid, and <C.5% hexosamine. FPhosphatidyl-
choline (FC) makes up 75% of the surfactant lipid (Farrell
and Avery, 1975). This class of lipids has been sutdied
to a much greater extent than the other lipid classes of
surfactant. Other phospholipids include phosphatidylehtanol-
amine (PE}, sphingohyelin (SP), and lysolecithin (lyso-FC)
which make up 6.3, 2.1, and 0.9% of surfactant lipid,
respectively (Farrell and Avery, 1975). Neutral lipids
account for 5-13% of surfactant lipid, which is mostly

. cholesterol (King, 1974). For an example of the surfactant
components from canines, see Figure 2.

The following material was derived from a few studies
.of the surfactant lipid composition. They yield examples of
the types of data obtained when analyzing surfactant lipids.
Many studies similar to these have been performed.

Because phospholipids are the primary lipid component
of surfactant, most of the material presented in this section
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will deal with this class of lipids. The phospholipids

will be viewed from three different levels = phospholipid
classes, degree of saturation and unsaturation as indicated
by fatty acid (FA) composition, and molecular classes. The
biclogical half-life of these phospholipids will also be
covered. It is important tc note that the information found
in the fcllowing studies is derived from adult animals.

A discussion on the synthesis of these lipids especially
during development, will be found in the synthesis section of
this report.

Table 2 contains data on the surfactant phospholipids
found in various cell fracticns. Compositions of the alveolar
wash {extracellular surfactant) and lamellar bedy (surfactant
storage sites) fractions are considered to be indicative
of surfactant. It is interesting to note that some of the
minor surfactant compcnents such as SP, PS, and PE are found
in greater relative abundance in other cell fracitions.

Phosphatidylcholine is the most abundant phospholipid
in surfactant or in any other lung fraction studied (Hallman
and Gluck, 1975; Jobe et al., 1978a). In general, PG appears
to be the next most abundant phospholipid of surfactant based
on & conmparison of alveclar wash and lamellar bedy fractions
(Hallman and Gluck, 1975; Jobe et al,, 1978a). (Note: PIZ PG
in alveolar wash from the Jobe et al.,, 1978a) study). ZPE
appears to rank third based on the same comparison {(Hallman
and Gluck, 1975) or PI may rank third according to Jobe et al.
(1978a). Both PI and PE comprise a very similar percentage of
lamellar body and alveolar wash phospholipid (Hallman and
Gluck, 1975: Jobe et al., 1978a). 3Bis-(monocacylglyceryl)-
phosphate, cardiolipin, PS8, lyso-PC, phosphatidic acid, and
B3P make up the rest of surfactant vhosphelipids as far as
the studies cited in Table 2 show.

Figure 2, (after Figure 2 from Clements, 1973%)

Composition of Canine Surfactant

PE
Dipalmitoyi PC .
41% 5% lycerides
{ ' 4% Phosphatidylserine
R i + Phosphatidylglycerol
\\*V“\ 4¢ ? {PS+EG)
Monoenoice e Lyso=PC
PC  25% \ 1% SP
9% 1% FA
8% Protein
holesterol :
— ]
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A note about PG should be made here concerning its
significance in surfactant. PG is second in relative abundance
to PC as seen above. IG is also found in surfactant from
other marmalian species (other references cited by Hallman
and Gluck, 1975). PG is present in trace amounts in animal
tissues, mostly in the mitochondria (Strickland and Benson,
1960; Gray, 1964; Ray et al., 1969 - from Hallman and Gluck,
1975)., These observations led Hallman and Gluck (1975) to
the conclusion that PG is a characteristic component of
surfactant in adult animals. The importance, if any, of the
structural relatives of PG such as bis-(monocacylglyceryl)-
phosphate as found in lamellar bodies and alveolar wash is
not known (Hallman and Gluck, 1975). Its presence in lavage
has not been detected by some investigators (Pfleger et al.,
1972 = from Eallman and Gluck, 1975). TFurther discussion on
the significance of PG will be seen later in this discussion
on lipids.

Table 3 shows the percentages of different fatty acids
attached to the major phospholipids of surfactant and gives
an overall percentage saturation of those phospholipids
or of fatty acids in the various lung fractions.

Focusing again on the lamellar bedy and alveolar wash
fractions, one can see that PC contains over 50% palmitic
acid and around 67% of its fatty acids are saturated (Jobe
et al., 1978a). In general, PC has the highest percentage
of palmitic acid and highest percentage of saturated fatty acids
compared to the other surfactant phospholipids (see Table 3).
FG, the second most abundant phospholipid contained similar
amounts of palmitic acid in the lamellar body and alveolar
wash fractions, compared to PC (Hallman and Gluck, 1975;

Jobe et al., 1978a). Fatty acids of PG were about 61%
‘saturated in lamellar body and alveolar wash fractions (Jobe
et al., 1978a). A relatively high percentage of palmitic
acid was found in PG from mitochondria, also (Hallman and
Gluck, 1975). PG found in mitochondria is thought to
contribute to cardioclipin formation according to references
cited by Hallman and Gluck {1975). Both PC and PG contained
relatively high percentages of oleic acid (18:1) in the
lamellar body and alveolar wash fractions (Jobe et al., 1978a;
Hallman.and Gluck, 1975). PC contained high amounts of
linoleic (18:2) acid in these two fractions (Jobe et al.,
1978a). PI contained about 42% saturated fatty acids in the
lamellar bedy and alveclar wash fractions, and palmitic acid
ané oleic acid were the most abundant FA's of this phospholipid
in these fractions (Jobe et al., 1978a). Arachidonic (20:4)
acid was the most plentiful FA of FI in the lung homogenate
and microsomal fractions (Jobe et al., 1978a). Stearic (18:0)
acid was the major FA at the 1-position of PI and arachidonic
at the 2-position (Okano et al., 1978) in lung homogenates.

FI contained about 30% saturated TA's in the homogenate and
microsormal fractions (Jobe et al., 1978a). PE plus FS had
mostly oleic and linoleic FA's associzated with them in the
alveolar and lamellar body fractions (Jobe et al., 1978a).
Large amounts of palmitoyl- and stearcyl-aldehydes were found

£ T
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2-position (Ckano et al., 1978) in lung homogenate., The table
demonstrates the point that there is variation in the degree

of saturation and in the types of FA's associated with the same
phospholipid class derived from different subcellular fractions.
Generally, higher percent saturation is found in lamellar

body and alveolar wash fractions for major surfactant phos-
pholipids (Jobe et al., 1978a). '

Analysis of phosphoglycerides which are naturally-
occurring in mammalian tissues, reveals a predominance of
saturated fatty acids at the 1-position and unsaturated fatty
acids at the 2-position of the glycerol moiety (Fanahan,
1960; Montfoort et al., 1971 = from Okano et al., 1978).
This was demonstrated in the lung lipids studied by Ckano et
al., (1978). Tor example, they found palmitic acid pre-
dominantly at the t-position of PC, PG, PE, and PI rather than
at the 2-position., Palmitic acid was alsc significantly
linked at the 2-position of PC and PG (Okano et al., 1978).
They found oleic acid primarily at the 2-position of PC,

PG, and PE rather than at the 1-position. It is important
to note that palmitic acid was the primary FA of both the
1- and 2-positions of PC (Okano et al., 1978). PC, PG, and
diacylglycerol had similar FA compositions (Ckano et al.,
1978). As shown earlier, palmitic acid was the major FA of
both PC and PG and Okano and co=-workers (1978) also found
that it was the major FA of diacylglycerol. The FA patterns
found by Ckano et al. (1978) for PC and PG agreed with
previous studies for rat (Toshima and Akino, 1972; Sanders
and Longmore, 1975 - from Ckano et al., 1978} and rabbit
(Abe et al., 1973 - from Ckano et al., 1978). It should

be kept in mind that the Okano et al. (1978) study was done
on lung homogenate.

In comparing PC, PG, and diacylglycerol, one finds that
all three glycerolipids had similar molecular class compositions
(Ckano et al., 1978). EPC, PG, and diacylglycerol were 33,.5%,
22.,3%, and 24.1% saturated, respectively {Ckanc et al., 1978).
PI was only 4.1% saturated, and only a trace of saturated
molecules were seen in the PE class (Ckano et al., 1978).

PI and diacyl= and alkenyl-acyl PE's had the highest percent
total of tetraenes while diacylglycerol had about half the
percent total of tetraenes of ithese molecules, but twice

as much as PC and PG (Ckano et al., 1978). The lipid plus
the molecular class which had the highest percent total for
that lipid are listed here:

PC - saturated

PG - monoenes

diacylglycerol - tetraenes = saturated
diacyl- and alkenyl-acyl PE, PI - tetraenes
(Ckano et al., 1978).

Disaturated or anenoic PC molecules of lung surfactant
are unusual in that they are present in such high concentra=-
tions in surface-active material as compared to other body
tissues (King, 1974). The dipalmitoyl PC appears to account
for a large portion of the saturated PC class. Okano and
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co-workers (1578) found that the saturated class made up
33.5% of PC from lung homogenate, and 25.1 mol% of the total
PC fraction was made up of the dipalmitoyl species.

Okano et a2l. (1978) found significant amounts of saturated
Species, mainly dipalmitoyl, in PG and diacylglycercl in
lung homogenate, PG has been found in "uniquely high concentra-
tions in the lung, particularly in the surfactant fraction"
(Pfleger et al., 1972; Henderson and Pfleger, 1972; Godinez
et al., 1975 - from Okano et al., 1978). Okano et al. (1978)
gave some ideas on the means of dipalmitoyl PG formation,
but these will not be covered here.

In addition to knowing the composition of surfactant
phosphelipids at a given point in time, it is important to
know the dynamics of surfactant phospholipids in various
subcellular lung fractions. Table 4 summarized two different
studies using injection of a variety of labels to study the
biological half-life of lung phospholipids in adult rabbits.
This type of study reveals information on the metabolic
characteristics of lung phospholipids rather than their
static characteristics.

In both of the studies cited in Table 4, PC has a two
compeonent decay curve with all of the labels used, in both
the lung parenchyma and microsomal fractions {(Jobe et al.,
1978a; Jobe, 1977) (with the exception of the [¥P]phosvhate
label (Jobe, 1977)). In the two fractions more indicative of
surfactant (lamellar bodies and alveolar wash), the half-
life is about 17 hours using the glycerocl and palmitic acid
labels (Jobe, 1977: Jobe et al., 1978a2). Disaturated phos-
phatidylcholine {DSPC) showed a half-life similar to PC in
the parenchymal and alveolar wash fractions (Jobe, 1977).

PG had a two component decay curve in the microsomal fraction,
but a half-life of eight hours in the lamellar body fracticn
and ten heours in the alveolar wash fraction using the glycerol
label (Jobe et al., 1978a). Values were slightly higher than
this using the [#C7palmitic acid label (Jobe et al., 1978a),
PI has a two component decay curve in microsomes and a half-
life of 20 hours using the [fEHJglycerol label and 36 hours
using the [“(Jpalmitic acid label in alveolar wash {Jobe et al.,
1978a). PE plus PS had a very long half-life when they

were compared with the initial or single decay components of
the other phospholipids labeled with glycerol or palmitate
(see Table 4).

Jobe (1977) found rapid P*C]palmitic acid labeling and
decay of PC in microsomes which he noted as consistent with
the idea that the endoplasnic reticulum is the principal
site of PC synthesis. He further suggested that the rapid
disappearance of labeled PC from the microsomal fraction may
represent movement cf newly synthesized PC from microsomes
towa§d lamellar bodies and other cellular organelles (Jobe,
1977).

In both studies presented in Table 4, there were two
biological half-lives derived fror decay curves for microsomal
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Notes for Table 4:

* Seccnd decay component

** Inadequate data

k¥ E”E]phosphate label not used in most text comparisons.

Refs.:
A = Jobe et al., 1978a
B = Jobe, 1977

and parenchymal PC using glycerol, palmitic acid, or choline
labels (Jobe, 1977; Jobe et al., 1978a). Decay curves for PC
in lamellar bodies and alveolar wash were single ccmponent
curves with similar half-life values between these fractions.
Using the initial decay component for comparison, PC half-

life in the subcelluar fractions was smallest in the microsomes
(see Table 4). Decay curves for choline labeled PC were
similar %o those for palmitic acid labeled PC but half-life
values were greater than those for palmitic acid labeled PC

by a factor cof about two (Jobe, 1977) (see Table 4). Compariscn
of the decay curves and half-life values of DS5FPC and total

lung PC indicated that in the rabbit, DSPC and total lung PC
appear to be metabolized in a similar manner (Jobe, 1977).

Specific activity of palmitate labeled PC in lamellar
bodies increased as the specific activity of the microsomal
BC decreased (Jobe, 1977). Jobe (1977) stated that this was a
pattern consistent with electron microscopic autoradiographic
studies {(Chevalier and Collet, 1972 - from Jobe, 1977).

It was not possible to determine the "absolute amcunt of
microsomal or lamellar body PC" in the lung because there
are no biochemical factors which could be used to indicate
losses (Jobe, 1977). Therefore, "the actual radicactivity
in FC disappearing from the microsomal fraction could not be
correlated with the radiocactivity in PC appearing in the
lamellar body fraction" (Jaobe, 1977).

Autoradiographic studies support the idea that FC in
microsomes enters the lamellar bodies continuaily during
"development of mature lamellar bodies rather than at a
discrete point in the sequence" of lamellar body maturation
(Jobe, 1977). This was supported by Jobe's (1977) study in
which he found "prolonged maintenance of high specific activity
in lamellar bedy and alveolar wash PC," and that PC of the
lamellar bodies or alveolar wash were not "cleanly" pulse
labeled as the microsomal PC was with palmitic acid (Jobe, 1977).

Jobe's (1977) study supported those who suggest that
lamellar bodies do not play a role in PC synthesis. It has
already been determined that many of the PC synthesis enzymes
are absent (Garcia et al., 1976 - from Jobe, 1977) in lamellar
bodies. Kowever it is possikle for palmitic acid to be
directly incorporated into lamellar body PC by deacylation-
reacylation or transacylation reactions not requiring de novo
synthesis {Mason, 1976 - from Jobe, 1977). Jobe (19777 found
maximal incorporation of palmitic acid occurred before the
lamellar bodies had significant amounts of radiocactive PC.
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Jobe (1977) found that there was a delay in the time
pulse-labeled PC appeared in alvecoli. This was alsc found in
other studies cited by Jobe (1977). He concluded that "the
delay in appearance of pulse-labeled PC in alveoli measures
the minimal time for synthesis and delivery of surfactant PC
to the alveolus in the rat and rabbit."

In general, initial decay rates were quite rapid for
PC, PG, and PI in lung microsomes compared to lamellar body
and alveolar wash fractions (see Table 4). PC and PG labeled
with glycercl or palmitic acid may be "turned over" as intact
molecules in lamellar bodies because the labeled acyl groups
(palmitate) and the "labeled backbone glycerol cf the phospho-
lipids had similar half-life values" (Jobe et 21., 1978a).
The order of biological half-lives from alveolar wash was:
PGCPCC(PICPE+PS (Jobe et al., 1978a).

As was stated earlier, lung tissue and alveolar wash
contain much more PG than other mammalian tissues (Rocney et
2l., 1975; Hallman et al., 1976 - from Jobe et al., 1978a).
Alsc, it appears to be synthesized mainly in lung microsomes
as are other phospholipids (Hallman and Gluck, 1975), and it
may be a precurscr for cardiolipin when synthesized by mito-
chondria (Hallman and Gluck, 1975 - from Jobe et al., 1978a).
The function of PG may be "as a stabilizer of the surfactant
lipoprotein complex" and it may be necessary for “"surface-
active characteristics of the lung" (Pfleger et al., 1972 =-
from Jobe et al., 1978a). In the human necnate, EG appearance
"coincides with mature lung function" (Hallman and Gluck, 1976 -
from Jobe et al., 1978a). In the Jobe et al. (1978a) study,
[“CJpalmitic acid appeared to label FG and PBC to the same
extent (at least in lung parenchyma).

PG is not as integral to general cellular metabolism as
other phosvholipids, and its half-life may be more representative
of surfactant metabolism than values for other phosrholipids
(Jobe et al., 1978a). PG disappeared from microsomes,
parenchymal, lamellar body, and alveolar wash fractions faster
than other phospholipids (except for the initial decaX of PEC
in lung parenchyma) (see Table 4) (Jobe et al., 1978a].
Therefore, PG is "an actively metabolized phospholipid with
probably no pulmonary function other than as a component of
‘surfactant" %Jobe et al,, 1978a). PG may be as good as
DPPC in serving as a biochemical marker for surfactans metabolism
due to its (PG's) uniqueness in surfactant (Jobe et al., 1978a).

Phosphatidylincsiteol showed a slight increase in percent
of saturated fatty acids in the alveoclar fractions over the
microsomal fractions (Jobe et al., 1978a). It was unique in
that it remained at 3-5% composition in the lung fractions
studied (Jobe et al., 1978a). In general, PI had a longer
measured half-life in lung fractiocns than PC or PG (see Table
4} (Jobe et al., 1978a). The apparent importance of PI to
surfactant function was shown by developmental data which
indicated that FI was involved in maturation of surfactant in
preparation for birth (Hallman and Gluck, 1976 - from Jobe
et al., 1978a).
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PE and PS were studied together because they "represent
highly unsaturated phospholipid classes that are preferentially
excluded from surfactant" (Jobe et al., 1978a). DIE and PS are
not surface-active according to Lusted (1973 - from Jobe et
al., 1978a), but are considered tc be "integral membrane
components" (Jobe et al., 1978a). They have longer half-
iife values and lower initial specific activities which
indicates that they are less metabolically active than the
other phospholipids studied (Jcbe et al., 1978a).

PG, PC, and PI all exhibited two component decay curves
in the microsomal fraction (Jobe, 1977; Jobe et al., 1978a).
In general, the two component curves may represent metabolism
of these phospholipids in cells other than the type II lung
cell {(Jobe, 1977; Jobe et al., 1978a). Recall that these
experiments were done with a heterogeneocus cell population.
The two decay rates for PC are not due to differences in
metabolism between unsaturated PC and DSPC {(Jobe et al., 1978a)
because total PC and DSPC have similar half-life values in
parenchymal and alveolar wash fractions (Jobe, 1977). About
50% of palmitic acid label originally "incorpcorated into lung
PC disappeared by 7 h," but only 30-40% of labeled PC was
recovered in the alveolar space (Jobe, 1977). Young and
Tierney (1972 - from Jobe, 1977) found similar results working
with DSPEC in the rat. According to Jobe {1977) the rapid
decay component of microsomal PC may indicate that around
5C% of the newly synthesized PC goes %o other cellular
organelles, while the slower component may be from PC irncorpo-
rated into microsomal membrane structures which are more
permanent.

In summary, a few significant details need to be emphasized.
The major phospholipid of surfactant is PC (Hallman and Gluck,
1975; Jobe et al., 1978a). This lipid is highly saturated
overall (Jobe et 2l., 1978a). The dipalmitoyl PC abundance
in lung is unusually high compared to other tissues (Montfoori
et al., 1971; Fujuwara et al., 1968 - from Okanc et al.,
1978). DSPC synthesis appears to reguire a "special” mechanism
for its synthesis because saturated FA's are usually found
at the 1-positicn and unsaturated FA's at the 2-position of
the glycerol moiety of phosphoglycerides naturally present
in most mammalian tissues (Hanahan, 1960; Montfoort et al.,
1871 - from Okanc et al., 1978). (Possible mechanisms will be
discussed in the synthesis section). According to King (1974),
the saturated FC species lower "alveolar interfacial tension.”
The monoenoic PC's and cholesterol appear to enhance the
.adsorption of surfactant to the alveolar interface (Xing,
1974). The unusually high relative abundance of PG in lung
compared to cther tissues (Rooney et al., 1975; Hallman et al.,
- from Jobe et al., 1978a) plus the idea that its half-life may
be more indicative of surfactant metabolism than values for
"phespholipids mere integral to general cellular metabolism"
(Jobe et al., 1978a) may make this a good indicator of surfactant
metabolism. This lipid may stabilize the surfactant lipo-
protein complex, also (Pfleger et al., 1972 ~ from Jobe et al.,
1978a). Both PC and FG appear to be concentrated in those
fractions indicative of surfactant material (lamellar bodies



and alveolar wash) (see Table 2). Also, both PC and PG
appear to be highly saturated, even meore so in fractions from
lamellar bodies and lung wash (see Table 3). Palmitic acid
appears to be the major FA of PC and PG (see Table 3).
Finally, labeling studies reveal that PC, PG, and PI have
faster turncver in microsomes than in alveolar wash and-
lamellar body fractions as indicated by their initial half-
life values (see Table 4)., (There is no half-life for PI

in lamellar bodies given). Jobe (1977) found scme evidence
that the decrease in specific activity of microsomal palmitate
labeled PC may be associated with an increase in specific
activity of lamellar body PC. He also noted a delay in the
"appearance of pulse-labeled PC in the alveoli." Beth of
thegse observations are consistent with a transfer of newly
synthesized PC from microsomes to lamellar bodies to the
alveolar surface which 1s part of the proposed "route" of
surfactant synthesis (see section on synthesis).
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B, Protein Composition

As was stated in the introduction to this section cn
surfactant composition, protein appears toc be a component of
the surfactant material. The meolecular weights and other
characteristics of these proteins may vary between different
studies, as will be evident in the following discussion.
Due to the broad scope of this report, it is not possible to
cover all of the studies directed at surfactant protein.
Jeveral studies which provide examples ¢f the types of
investigations carried out on surfactant proteins, have been
selected for discussion here. The first few papers to be
covered will contain informaticon derived from some cf the
more widely used methods of protein study. These will be
followed by discussion of studies using immunological techniques.
Studies on the possible glycoprotein character of surfactant
protein will be presented. Investigations on the specificity
of surfactant proteins will alsc be covered. A brief discussion
on the proposed roles of surfactant protein will conclude
this section on protein composition.

The reader is encouraged to look over the monograph by
Clements and King (1976) on surfactant composition. This
review provides a good overview of material on surfactant
proteins, including evidence for a specific association
between apoprotein and surface-active material, as well as
discussion of immunological studies.

Sawada et al. (1977) isolated z protein from bovine
lung surfactant which had a My of 36,000 when scdium deoxy-
cholate was used to remove lipids from the protein prior to
gel filtration and other analytical procedures. The Mu
determination was made on sodium dodecyl sulfate (SDS) poly=-
acrylamide gels after the protein had been isclated by gel
filtration on Sephadex G-T75 and Sepharose 6B. The electro-
phoretic pattern of the isolated protein was the same as that
obtained for protein taken directly from surfactant (Sawada
and Kashiwamata, 1977). Protein from Sephadex G-75 and
Sepharose 6B columns were studied by analytical ultracentrifuga-
tion and were found to be almost identical., The protein from
Sephadex G=T75 columns had a sedimentation rate of 12.,13.

-Sawada et al. (1977) concluded that there may be proteases
in the lung surfactant material because addition of protease
inhibitors prevented tailing of the protein peak on the
Sephadex G-75 column., They also suggested that the apoprotein
was lipophilic because there was a '"relatively large amount
of decxycholats bound to protein" (ZSawada et al., 1977) (w/w
of deoxycholate/protein was 0.28)., The Mi of the apoprotein
was estimated tc be about 2C X 10Y, "assuming a spherical
protein and considereing the amount of sodium deoxycholate
bound to the protein" (Tanford, 1961 - from Sawada et al.,
1977). Finally they concluded that the apoprotein isolated
by gel filtration in the vresence of sodium deoxycholate was
an apoprotein of lung surfactant and the major band of 36,000
My may be its "main constituent or its major protein subunit”
(3awada et al., 1977).

-



In an earlier study, Sawada and Kashiwamata (1977) isolated
protein from bovine lung surfactant having a MW of 36,CC0 on
SIS gels, as stated ovreviously. Seventy to 80% of the protein
from surfactant which was applied to the gel (this author's
interpretation) had a MW of 36,000 (Sawada and Kashiwamata,
1977). The ratio of phospholipid to protein in surfactant
material isolated after the initial centrifugaticns and washes
was 4,98 mmol/mg. Lipid analysis of this surfactant material
revealed 59.1 PC, %.4 FPE, 10.5 PG, and 15.0 cholesterol in
molecular ratio. The density of this surfactant aiter centri-
fugation on a continuous sucroge density gradient was 1.081 g/ml
with an occasiocnal trace amount of prosphorus and preotein
at 1.C61 g/ml. The phosphorus:protein ratio of the 1.081 g/ml
band was 18.48 mmecl/mg. Note the over three=fold increase
in the ratio when the protein is isclated ("purified").
Shelley et al. (1975) cbtained a similar increase in the
FL/protein ratic after a porticn of the phospholipid band
from their density gradient was run on an adaitional gradient.
Agqueous suspensions of surfactant before and affer density
gradient centrifugation were tested for surface activity.
Only the material obtained after density gradient centrifuga-
tion satisfied Xing and Clement's criterion for surface activity
(minimum surface tension of less than 12 dynes/cm) (Sawada
and Kashiwamata, 1977).

The band of surfactant isclated on the continuous density
gradient was characterized by protein and phosphorus analysis
as lipoprotein. The band occasionally seen at 1.06! g/ml had
a phosphorus:protein ratic close to that of the surfactant
band at 1.081 g/ml, and had essentially the same SIS disc
gel pattern as the surfactant in the 1.081 g/ml band. Thus,
the lighter band may be fragments, due to preparation methods,
of surfactant Ircm the heavier band. The phosphorus:protein
ratio increased in the heavier band with long term centrifuga-
tion on continuous density gradients, and this ratio approached
the value for canine surfactant material isclated by Xing and
Clements (1572a - from Sawada and Kashiwamata, 1977). Protein
diffused cut of the main peak leaving behind phospholipids
in the main band., They found little i1f any albumin in bovine
iung surfactant, contrary to other reports (Maguire et al., 1977).

King et al. (1973 - from Sawada and Kashiwamata, 1977)
found an apoprotein of canine surfactant lipoprotein to have
a My of 1C,000 - 11,000 and a large number of hydrophobic
amino acids. In a later paper, Xing (1974 - from Sawada and
¥ashiwamata, 1977) reported a protein with a MW of 34,000.
King et al., according to Sawada an¢ Kashiwamata (1977), have
classified the material separated of 35DS disc gels as an
apoprotein. Recall, Sawada et al., (1977) used sodium deoxy-
cholate gel filtration to separate protein completely from
phosphelipids and found the MW of this protein was several
tines larger than that of the major protein subunit of lung
material (Sawada and Kashiwarmata, 1977). Sawada and Kashiwamata
(1977) again concluded that "the native apoprotein of surfactant
lipopretein is probably a combination of a few protein subunits.”
Bhattacharyya et al. (1675) found a2 36,000 dalton glycoprotéin
from rabbit lungs only after lavage with hypotonic EDTA
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soiution.  This protein may te more tightly bound to the
glycocalyx of the underlying alveolar epithelium in rabbit
lung surfactant (Maguire et al., 1977).

Studies such as those above are less costly and still
provide much needed initial data on surfactant proteins.
However, one of the most effective methods for analyzing
surfactant material for specific proteins has been the radio-
immunoassay {(RIA). This method is more sensitive to minute
guantities of protein and therefore allows analysis of fetal
surfactant for the presence of prctein.

In 1974, King et al. published a paper which described
the use of a solid-phase RIA for studying the protein(s) of
sheep lung surfactant. This technigue appears toc be particularly
valuable in that it allows study of surfactant presence during
development when quantities of protein may be minute.

In general the technique invelves coating test tubes
with surfactant (antigen). Tubes were then coated with anti-
serum specific for surfactant protein(s) or with nonimmune
rabbit sera as a control, Purified sheep surfactant was then
added to control and experimental tubes folilowed by application
on nonimmune sera to make th total volume 1mi. Tabeled
apoprotein was then added to the tubes, followed by gamma-
particle scintillation counting of tubes cnly (Xing et al.,
1974). (See Figure 3).

The procedure for isolation of one nonserum apoprotein
found in lung surfactant is outlined in rigure 1 from ¥ing
et al. (1974; Marchesi and Andrews, 1371 - from Xing et al..
1974). It is interesting to note that the pulmonary surfactant,
Zrom whizh the apoprotein was isolated, had an isopycnic
density »f 1.083 g/ml in sodium bromide, This density is
almost identical tc the density of surfactant after centrifuga-
tion on a continuous sucrose density gradient found by
Sawada and Xashiwamata (1977). King et al. (1974) report here
that the apoprotein has a 34,000 dalton MW according to SDS
gels. This figure differs from the results of Sawada and
Fashiwamata (1977) and Sawada et al. (1977} which show that
the apeprotein has a MW of 36,000,

Protein which precipitated in ethancl is soluble in water,
has a Mw of 34,000 daltons according to SDS polyacrylamide gel
electrophoresis, and this protein makss up about 85-95% of the
total pretein in solution., The protein preparation was free
of phospholipids as indicated by the fact that no phosphorus
was detesctzd. Thz protein formed an identity precipitin
nattern azzinst anti-pulmonary surfactant antiserum "when
tegied in a well adjacent to this surfactant" in a double-
diffusion immunoprecipitation experiment in 0.75% agarose
zzlz. The preotein was rnct a serum protein as indicated by
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o hat 1% "aid net react with antiserum to sheep serum.”
Tiete that Harwsood et al. (1975 - from Maguire et al., 1977)
found 2 small amount of 34,000 dalton protein in rabbit and
zhesp surfactant, "ut ox surfaciant contained a large amount

of this protein.
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(from Xing et al., 1974)

KING, GiKA>, RUCH. AND CLEIMENTS

+ EXTRACTION OF APCPROTEIN

Puimaonary
Surfactant

Q3 M
LIS
438,0Cu x g, 20 min.

! ppt ] @na!on?,

25 % phenal,
Oiscard 5° C, e0min.

[_Lower Phase ( {Upper Phase[

Lyophilize
and extract
with ETOH, 5°C

Water - soluble
protesn
P o .
) Fig. 1. Procedure for the isclation of the $4,000-da
(_ton apoprotein from surace active material.

As noted earlier, ¥ing et al. (1973) found another
apoprotein of surfactant which had a MV of 11,C0C daltons.
This protein shares some immunologic determinants with the
34,CCC il apoproctein as indicated "by their reactions with
antisera to whole surfactant" (King et al., 1974). "The
11,C00 dalten protein is soluble in ethanol and can be
recovered Irom the ethanol extract of the lyophilized upper-
vhase material" (King et al., 1974).

Both the 34,000 dalton and 11,000 dlaton proteins are
also present in human and dog lung surfactant (King et al.,
1974). Also, sheep and human apoproteins show some immunologic
cgos§ reactivity as do dog and sheep apoproteins (Xing et al.,
1974).

The assay as performed in this study could detect 0.1 ug
to 0.2 ng of surfactant, and it was said to have a useful
range from 0.2 to 1.0 mg of surfactant (King et al,, 1974).

Table 5 demonstrates the specificity of the assay.
Investigators have reported the presence of albumin in
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Table 5.

Factor Effect

opecificity for the Apoprotein of Pulmonary Surfactant

1) Labeled apoprotein bound | Labeled apoprotein bound

to nonimmune serum "nonimmune serum %o an extent
of less than 6% of that bound
to the specific antibody."
Therefore, most label bound

to Ab is the result of specific

_ interacticn,
2) 1291.1abeled bovine No binding to tubes with
plasma albumin specific Ab to sheep surfactant

or to nonimmune rabbit serum.
Therefore, there is no cross

reactivity with bovine plasma
albumin.

3) Addition of 1lipids Negligible effects on binding
extracted from canine lung
and sonication in distilled
water

4) Addition of excess sheep | Negligible effects of binding
serum

5) Canine lung lipid No '#c-label was detected.
containing #C~labeled Therefore, binding of surfactant
DFPC added to tubes after protein was not due to lipid

any bound surfactant lipid moieties of surfactant.

was eluted with C.1% SIS

(Conclusions drawn here were made by this zuthor and not by
King et al. (1974)).

surfactant samples, but King et al. (1974) found that bovine
plasma albumin was not bound by their surfactant specific
Ab (see Table 5).

These authors performed the assay on sheep lungs at
different ages and with different methods of preparation
(see Table 1 from King et al. (1974)). Animals 1-3 were
killed by an overdose of sodium pentobarbital. The rest of
the animals were cbtained the same day from a slaughter
house and had bteen killed by exsanguination after electrical
stunning. All samples were immediately placed in ice for
immediate use in the RIA or for storage at ~60°C. The
concentraticn of surfactant material in these samples varied
from 3.7 mg/g to 9.1 mg/g lung tissue. Their assay was
apparently effective in determining surfactant concentrations
in these samples, "Surfactant apoprotein comprises less than
one percent of the total protein in the lung, indicating
that procedures used to isolate surfactant lead to a greater
than 100-fold enrichment of the apcprotein in the purified
preparations, based on protein analysis" (Xing et al., 1974).

They have performed a preliminary study on fetal lamb
-30=- |




Table 1 (from King et al., 1974)
PUI WONARY SURFACE ACTIVE MATERIAL IN SHEEP LUNG 279
TABLE 1

AMOUN ' OF SURFACE ACTIVE MATERIAL {SAM} IN SHEEP
LLINGS, ESTIMATED 8Y RAQIQIMMUNIASSAY

Contant of SAM

Numbaur of fmg (drv)/
Averal Agu Sax Qatarminations® g lung {wert}t)
1 1 manth F 9 5.1 10.2)
2 1 manth F 22 3.7 (0.2)
3 Adult F 15 9.1 (0.8}
4 6 months** Unknawn 4 4.9 (0.5}
£ & manths"* Unknown 4 5.4 (0.8)
5 6§ months®* Unknown 2 6.2 (0.2)
7 8§ months®® Unknown 3 7.8 (0.8}
B 6 manths'* Unknawn 4 5.3(0.8)
9 & months** Unknown 3 4,71{0.3)

* Each gesay owrformed in triplicate,
TMean (standaed arror),
* T Approximate age.

lungs and fetal lamb tracheal fluid (King et al., 1974).
They found that antigen was net present in lungs of a 58<day
old fetus, and was not detected until 115 days of gestation

in tracheal fluid, even though total protein (Lowry et al.,
1951 - from King et al., 1974) content could be 80C mg per ml.
Antigen content rose to about 22 mg per ml by day 146, and

this production could be prematurely stimulated by infusion
with dexamethasone (King et al., 1974). The authors concluded
that their RIA could measure very low concentrations of antigen
in lung fluids.

King et al. (1974) determined the amount of surfactant
in the lungs of one animal by the RIA combined with determination
of DPPC in the same lungs and in surface-active material.
They found "that less than 40% of the DPPC in whole lung
tissue is contained in pulmeonary surfactant." Thus, DPPC
does not appear tc be a specific marker for pulmonary surfactant
in whole lung (King et al., 1974) which indicates the
potential usefulness of a specific protein marker.

A different type of immunclogical technigue was used by
Sueishi et al. (1977) to trace the apparent path of surfactant
protein through granular pneumocytes (type II cells). They
obtained antirabbit surface-active material (SAM) sera by
immunizing ducks with rabbkit SAM containing protein. TFab'
fragments of the antirabbit SAM 7S J-globulin were conjugated
with horseradish peroxidase (specific conjugate) for use in
immunoelectron microscopy.

Light microscopy revealed that reaction product (RP)
coated the surface of the alveolar wall in varied thickness
after fixation by vascular perfusion or immersion of lung
tissue. Intraalveolar RP was dispersed and irregularly
aggregated after fixation by tracheal infusion (which proved
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at times tc be a less favorable method of fixation). Faint
RP was detected in scme vacucles of cubeidal pneumocytes of
alveoli nc matter what fixation procedure was used.

In general, observation of electron micrographs revealed
fixation by vascular perfusion or immersion preserved alveolar
lining material (ALM) on the surface of alveolar epithelium
better than tracheal infusion. AILM had a diffuse accumulation
of granular deposits which indicated a strong positive reacticon
with specific conjugate (Sueishi et al., 1977). Tubular
myelin figures were found to be "in continuity with the
surface lining film" (Sueishi et al., 1977), and were sometines
found in the basal layer. The tubular myelin fisures appeared
in the lattice square pattern occasionally, and were surrounded
by "electron-dense reaction proeduct" (Sueishi et al., 1277).
The reaction product was often identified at the air-rhase
(luminal) side of the surface lining Film,

Cbservations grouped according tc cell tyre or tissue
structurs provided evidence for the generally accepted theory
that type II cells synthesize surfactant. These obgservations
also stimulated some new theoughts on metabolism of surfactant
and supported other theories concerning its structure., The
type I cell contained some pinccytotic vesicles ("opening
at or close %o the alveolar space") which reacted strongly with
specific conjugate, but most of these vesicles reacted with
the label "at the inside of the limiting membrane" (Sueishi
et al., 1977). These cells had no phagocytic vacuoles
cerntaining reaction product. Reaction product was frequently
Seen in lamellar bodies, multivesicular bodies, Golgi complex,
and in the endoplasmic reticulum of type II cells. Most
lamellar bodies of the type II cell were vacuolated (probably
extracted) and were labeled with specific conjugate at the
peripheries. Intercellular junctions between pneumocytes were
not labeled by specific conjugate. Likewise, no reaction
product was seen in the interstitium, endothelial cells, or
in the capillary lumina. Reaction product was occasionally
seen on the surface of brenchioles and bronchi, but none was
seen in the intracytoplasmic area of these epithelial cells
(which include "nonciliated bronchioles and goblet cells")
(Sueishi et al., 1977). Some secondary lysosomes of alveolar
macrophages were strongly labeled with conjugate. These
secondary lysosomes appeared as vacuoles of the alveolar
macrophages which contained "irregular, membrane-lined deposits"”
{(Sueishi et al., 1977). AIM labeled with specific conjugate
lined the alveolar macrophages, too.

Previous studies have shown that specific proteéin was
found in pulmonary surfactant by immunochemical and immuno-
histologic investigation (Xing et z2l., 1974; Klass, 1973;
Scarpelli et 2l., 1973 - from Sueishi et al., 1977). Sueishi
et al. (1977) stated that their results, including "preferential
accunwlation of immunologic RAP" found "on the surface of
alveolar epithelium in association with the alveoclar lining
layer in type II pneumocytes and alveolar macrophages" confirmed
these previous studies,
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They (Sueishi et al., 1977) also concluded that "phospho-
lipid arranged in the lattice square pattern" may be "inter-
spersed in the compact network of the specific protein to
integrate and stabilize the surfactant system." This was
based on the fact that ALM was labeled throughout with specific
conjugate and tubular myelin figures were surrounded by RP.
Electron microscopic (EM) studies of the surfactant system
(Gil and vWeibel, 1969/1970; Kikkawa, 1970 -~ from Sueishi et
al., 1977) have indicated that surfactant corresponds to
alveolar lining layer which has a "basal layer in varied
thickness and osmiophilic surface lining film at the air-
ligquid interface.'" Finally, the tubular myelin figures were
sometimes found in the "homogeneous" basal layer and were
often found to be continuous with the surface lining film.

The surface lining layer has been shown to contain
phospholipid (Dermer, 1969; Finley et al., 1968 - from Sueishi
et al., 1977), protein (possibly lipoprotein) (Gil and Reiss,
1973; Frosolono et al., 1970), and polysaccharide such as in
glycoprotein (Frosolono et al., 1970; Bhattacharyya et al.,
1975) or mucopolysaccharide (Groniowski and Biczyskowa, 1964,
1968). Reaction product of specific conjugate has sometimes
been seen at the air-phase side of the surface lining film,
This may support Colacicco's (1972 - from Jueishi et al., 1977)
theory that the specific, SAM protein may be "present in mosaic
with phospholipid at the air-liquid interface." Sueishi
et al. (1977) also pointed out that their observation may be
an artifact of preparation.

Sueishi et al. (1977) suggested that the type II cell
synthesized the specific SAM protein and secreted it into the
alveolar space tc become part of the surfactant system. They
based this suggestion on the fact that type II cells shcwed
much accumulation of RP in lamellar inclusion bodies, in Golgi
complex, in multivesicular bodies (MVB's), and in endoplasmic
reticulur (ER). The accumulation of RP in these organelles
demonstrated the "prominent role of type II" cells in metabolism
of specific SAM protein {3ueishi et al., 1977). In the
following section ¢f surfactant synthesis more evidence for
synthesis of surfactant protein in tkhe ER will be given.

This study (Sueishi et al., 1977) coupled with the general
pattern of protein synthesis suggests that SAM protein is
synthesized in rough ER, migrates via Golgi complex and MV3's
to lamellar inclusions for storage of surfactant (Sueishi et

al., 1977).

Recall that Sueishi et al. (1977) noted the presence of
RP in macrophages. They proposed that the RP in secondary
lyscosomes of alveolar macrophages indicated that these cells
may phagocytize 3JAM, thus participating in SAM clearance.

At this point in the discussion ¢f surfactant protein,
the possible presence of MPS and/or glycoprotein will be
considered. There is some evidence that mucopolysaccharides
(MPS's) make up part of the surfazctant matrix or they may be
part of a cell coat. Histochemical methods have been useé %o
demonstrate a possible MPES association with surfactant
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(Groniowski and Biczyskowa, 1964; Groniowski and Biczyskowa,
1968; Xikkawa et al., 1970).

It should be kept in mird that some of the results
obtained from these staining =studies do not rule out glycc-
protein uptake of the stair, and =zome of this evidence is
based on histochemistry which is not necessarily diagnostic
of MPS. Other investigators (Cledzka-Slotwinska and Maisin,
197C) concluded that MPS was not a component of surfactant
itself based on Thorotrast staining.

Kikkawa et al. {197C) suggested that MPS's and phosphe-
lipids were present in fetal lung, with MP3's formed early
and phospholipids later, The MPS's may be present along
the {etal alveoclar plasma membrane and the phospholipids may
be randomly distributed in the pulmonary £luid., Biochemical
investigations have revealed the presence of both ligid and
Pclysaccharides in alveolar wash material {Scarpelli, 1967 -
I»oem Kikkawa et al., 197C), and it appears as though MPS's
and phospholipids establish the surface film of the alvsolar
liring layer with the onset of respiration (Xikkawa et al.,

i S
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Steim et al., (1969) studied a surfactant fraction froc
dog lung lavage and conciuded that the presence of protein
and carbohydrate was probably due to contamination. The
acounts of protein and carbohydrate which trhey found in
surfactant were apparently not functionally significant.
Bven when most of the protein was removed, the physical
properties of surfactant were not altered. They emphasized
the fact that this study did not employ "harsh" techniques
which would denasure proteins.

In a paper by Frosolone et al. {197C), biochemical
svidence was given Zor the existence of glycoprotein in
surfactant material. (The purpose of their paper was to
provide an all around chkaracterization of surfactant, and
it included a frequently cited methicd for isolation of
surfactant material from lung homcgenate. Their analysis
for protein and carbohydrate will be focused on here).

Several lines of evidence fcr the presence of protein
and carbohydrate in surfactant were presented. ‘hen the
surface-active fracticn of dog lung homogenate was centrifuged
on a continuous sucrose gradiert, radioclabeled palmitic acid
and alanine were found in the same band., Absorbance methods
at 28C nm also indicated the presence of protein in the same
fraction with palmitie acid. The surface-active fracticn
(SAT) had a lipid:protein ratic (w/w) of 3.86. The JAT
contained 0.185 mg/g lung cf protein, 0.19 mg/mg glucose,
and 0.C4 mg/mg sialic acid. After the SAF was delipidated,
carbohydrate %”as determined by the anthrone analysis")
and sialic acid were found only asscciated with the protein
moiety. The ori§inal ratio of labeled palmitic acid to
labeled protein {alanine) as found in the SAF, was retained
in the SAY material eluted from a 3epharcse 2B column. Only
after SAT was delipidated did the "protein-containing material
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enter into the gel. The SAF apoprotein gave rise to two

peaks on the Sepharose 2B column in 0,005 N sodium borate.
Two bands were found in disc gel electrophoresis when SAT
apoprotein was used, but native SAF did not enter the gel.

Frosolono et al. (1970) concluded that protein was an
integral part of the SAF, and was not an artifact due to
nonspecific binding. This was based mainly on the sucrose
gradient data which showed both lipid and protein precursors
in the same fraction, and on the gel filtration results in
which lipid and protein precursors were present in the same
ratio in the SAF material eluted in the void volume as in the
original SAF applied to the Sepharose 2B columns.

Additionally, the fact that anthrone-positive material
and sialic acid remained with the protein after alcohol-ether
delipidation, indicated that the protein was a glycoprotein.
Eowever, they pointed out that this did not prove the existence
of a "covalent linkage between the carbohydrate and protein
moieties" (Frosclono et al., 1970).

A possible role of preotein in surfactant may be to alter
the surface properties of phospholipid in the alveolar lining
layer (Frosolono et al., 197C). They noted a study showing
that dipalmiteoyl PC is solid at body temperature, and stated
that phospholipids are usually bound by noncovalent linkages
to protein rather than free in tissues (Frosolonc et al., 1970).

Finally, Frosolono et al. (1970) speculated that the
alveolar lining may resemble a "structured gel." They proposed
that FA chains of phospholipids in the lining layer are
oriented toward the air-phase. A "protein network of the
alveolar lining would be attached toc the plasma membranes
of type I and type II alveolar cells through interactions with
carbohyvdrate residues." The carbohydrate may be a "glycocalyx."
The phespholipid "would be interspersed in the protein
network because of noncovalent bonding." The area between
the air-phase and protein network may consist of lipids in the
liguid crystalline state. Water wculd probably be less con-
centrated in the molecular layer at the air interface.
"Thermodynamically, this should give rise to an increased
surface pressure in the alveolar lining relative to othsr
surrocunding tissue components." The arrangement "of fatty
acid residues would force water out of the ultimate molecular
layer either into the air or into the underlying strata of
the structure," which would give rise %o variatiocns in
surface pressure in response to cyclic compression-expansion
of the alveolar surface (if this behavior occcurs). Gels
and scme liquid crystalline states can "tolerate wide
variations in water content" (Fergasocn and Brown, 1968 =
from Frosolono et al., 1970).

As was mentioned earlier, Bhattacharyya et al. (1975)
identified a glycoprotein of My 36,0C0. Recall that Sawada
et al. (1977) and Sawada and Kashiwamata (1977) alsc identified
a protein having this MW from bovine lung wash material, but
they did not characterize it as to carbohydrate content,
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King et a2l. (1973, 1974 - from Bhattacharyya et al., 1975)

also reported a 34,000 NMi protein in lavage material from
different animal lungs which Bhattacharyya et al. (1975)
suggested as possibly the same protein as the 36,000 glyco-
peptide because their methods of isclation were similar to
those of Xing et al. (1973). Bhattacharyya and co-workers
(1975) worked with rabbit lung lavage and lamellar body
raterial., They found six major bands of protein on SDE-
acrylamide gels on which samples of delipidated lavage material
were run. The protein bands had apparent molecular weights

of 75,000, 69,000, 62,000, 50,000, 36,00C, and 25,C00C,
respectively. PAS staining revealed that the bands of 62,000
and 36,000 molecular weight were glycopeptides. This stain
also revealed the presence of several other glycopeptides

in this material. The same six major bands with MW's identical
to the six listed above were found in delipidated lamellar
bodies. Here again, the 62,000 and 36,00C My peptides were

PAS positive as well as other bands,

Bhattacharyya et al. (1975) concluded that the two
glycopeptides which they isclated, were homogenecus based on
"SLS-acrylamide gel patterns, isoelectric foecusing, and
qualitative NHa-terminal amino acid analyses." Carbohydrates
of these glycopeptides were also analyzed. They suggested
that the molecular weights of the glycopeptides were prohably
overestimated due to the carhohydrate and collagen-like
portions of the molecules.

Similarities were founcé between these two glycoveptides
which they isolated and two glycopeptides cf 62,CC0C and
36,000 Mw, respectively, which were accumula*ted rn lungs of
patierts with alveolar proteinosis.

Bhattacharyya et al. {(1975) suggested *that their glyco-
peptides were probably "normal secretory products of type

IT epithelial cells." They felt "that the lamellar bodies
may be the source of these glycopeptides.” Also, because

similar glycopeptides were found to accumulate ir humans with
alveolar proteinosis without creating an inflammatory response,
they are probably "normal components of alvecli" (Bhattacharyya
et al., 1975).

The preceding discussion provides some idea of different
results that may be obtained in studying surfactant prcteins.
Discovery of a protein unique to surfactant (if one exists)
would be a great benefit. Such a protein would bhe nost
helpful in tracing the producticn of surfactant throughout
the life cycle of an organism. The presence c¢f such a protein
may be as an important component of surfactant structure, also.
However, investigators have not been fortunate encugh to
discover a protein which is unquestionably unique tc surfactant.
The following studies deal with this question of specificity.

Faguire et al. {1977) showed that there is no protein
unique to surfactant. The only nonserum protein which they
found in lung wash protein was secretory immunoglobulin A
{sIgA). The main proteins cf lung wash were albumin, IgG,
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and sIgA. Other serum proteins were also present., The
concentration of serum proteins in lung wash differed from the
concentration of these proteins in serum. Previous studies
have indicated the presence of serum proteins in lung washings
(Colacicco et al., 1973; Shelley et al., 1975; Scarpelli

et al., 1973; King et al,, 1973; Klass, 1973 - from Maguire

et al., 19775 and ultrastructural studies have shown that

they are '"normal components of the alveolar lining layer"
(Bignén et al., 1976 = from Maguire et al., 1977).

Maguire et al, (1977) used different methods of electro-
phoresis to study the lung wash proteins (ILWE) from rabbit
lungs. They performed two-dimensional immunoelectrophoresis
(2D-IEP), tandem 2D-IEP, and polyacrylamide gel electrophoresis
(PAGE). They partially delipidated the LWP to allow PAGE
and 2D-IEP of the proteins. In general, the LWP fraction
contained an average of 47% protein and 25% phospholipid.

A comparison of the PAGE separation patterns of L+P and
delipidated serum revealed several differences in banding
patterns. For example, there was more protein band II of LWP
than band II of delipidated serum, LWP lacked hand V of de-
lipidated serum, and band IV was present in a smaller quantity
in LWP than in delipidated serum. Albumin was a major
component in both LWP and delipidated serum. This contrasts
with the results of Sawada and Xashiwamata (1977) who found
evidence that little if any albumin exists in bovine lung
surfactant using a density gradient isclated fraction of
surfactant.

Sodium dodecyl sulfate (SDS)-PAGE of LwP showed "a high
concentration of protein with a MW of about 340,00C.," FAS,
stained the 34C,000 dalton vrotein, a band at 16C,00C daltons
which was presumed to be IgG, and material near the tracking
dye. SDS~PAGE of delipidated serum revealed a 96,000 dalton
protein not present in LWE.

"Two~-dimensional=JEP of LwP protein against anti-LiF
serum" showed several precipitant lines, the largest peak
being characteristic of albumin. A heavy precipitant arc
extended from the sample well, 4when 2D-IEP of delipidated
serun against anti-LiP serum was run, they found more precipitant
lines than when LWP was used as the antigen. Maguire et al.
{1977) stated that this indicated the presence of low concentra-
tions of many serum components of the LwP. when the anti-LWP
serum was absorbed with delipidated serum and used in 2D-IEFP
with LwP as antigen, they found cnly the heavy precipitant
peak criginating from the sample well.

Colacicco et al. (1976 - from Maguire et al., 1977)
demonstiratea the presence of secretory IgA in rabbit lung
surfactant, "Tandem 2D-IZF of LwT and rabbit milk, which
contains sIgh as a major component,” revealed the "fusion of
the LuwEF precipitant band with a prominent milk antigen" when
these samples were run in a second dimension into anti=-LiP
serun previcusly absorbed with delipidated serum., This was
taken to mean that the only nonserum protein of LWP was sIgid

wF T



Maguire et al., 1977).

Protein of the surfactant fractions from discontinucus
NaBr density gradients were analyzed by Z2D-IEP and SDE-PAGE
(Maguire et al., 1977). The surfactant fraction, and other
fractions from the gradient (minus surfactant) gave the same
pattern of peaks as unfractiocnated LWP in 2D-IEP using anti-
LWP serum, Also, when the surfactant fraction was compared
with the other gradient fractions using equal amounts of protein,
"no differences in size or positions of any peaks could be
seen." OSDS-PAGE of gradient fractions showed that 2ll major
protein bands were present in each fraction. Therefore, no
selective association of these proteins with lung wash surfactant
could be found (Maguire et al., 1977).

laguire and co-workers (1977) concluded that the main
components of rabbit lung washings were "albumin, sIgi, and
IgG with sIgA being the only ncnserum protein detected."”
LsP was primarily composed of serum proteins, but the distribu-
tion of these proteins differed from serum. By 2L=-IZP, it
was shown that surfactant fraction proteins contained zll the
LiWP's., Therefore, no apparent "specific association of any
protein with the surfactant phospholipids" exists according
to their data (Maguire et al., 1277).

In addition to the study by Maguire et al. (1977) which
indicates the lack of a specific lipid-protein complex in
surfactant, another earlier study provided the same conclusion.
Howeaver, the earlier study determined that such nonspecific
associations of lipids and protein are probably due tc methods
used in isclating surfactant from lung wash material.

Most evidence for the theory that surfactant contains
lipoprotein molecules comeg from the fact that lipid and
orotein are often found together in lung wash or lung homogerate
fractions (Shelley et al., 1975). In most studies, one or more
centrifugation steps are used in order to isolate the surfactant
fraction from lung wash material., One of the first steps
is uvswally sedimentation centrifugation of the cell-free lung
wash in order to obtain a surfactant pellet for further anralysis
(Shelley et al., 1975). Sediments contain lipid and protein
(Shellery et al., 1975), but great variation "in the relative
anounts of phospholipid and protein" in these sediments have
been shown (Galdston et al., 1969; Balis et al., 1971 - from
Shelley et al., 1975). Shelley and co=-workers (1975) found
this to be true in their study of rabbit lung cell-free wash
(see Table 1 from Shelley et al., 1975). They suggested that
this wvariation could exist due to differences in size of animals
and/or differences in handling of the lung wash material, but
they maintained that the FPL/protein ratio should be relatively
constant. They found that the PL/protein ratic of the sediment
varied according to the PL/protein ratio of the cell-free
washings from which they were obtained {Shelley et al., 1975).
Also, neither the speed nor the length of time samples were
centrifuged affected the PL/protein ratio of the sediment.
To Skelley et al. (1975) the above findings suggested that
there was a "nonspecific" association between the protein and
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pheospholipid in the sediment.

They (Shelley et al., 1975) also found that some
surfactant material is lost during sedimentation steps as
evidenced by the fact that surface-active material was isclated
from the supernates which remained affer centrifugation of
lung washings at 40,00C g for one heur., This could lead to
quantitative errcrs in reporting liypid and protein in studies
using these methods.

Table 1. (from Shelley et al., 1575)

TABLE 1. Phopholipid and pratein cantent of codqees
rabhit luny washings
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SDS=-PAGE of cell-free lung washings revealed that plasma
and nonplasma proteins were present in the lung washings
(Shelley et al., 1975). Maguire et al. [1977) found serum
and nonserum protein in lung wash protein. The cell-free
lung washings also reacted with anti-rabbit albumin, IgG,
and IgM. Albumin appeared %o be the major protein of cell-
free lung wash, and of sediment and supernates of the cell-
free lung wash., Recall that Maguire and co-workers (1977
ais¢ Tound albumin and IgG in lung wash samples from rabbits.
The "SLU-FAGE patterns of sediments and supgernates" of the
cell-Ires lung washings were the same (Shelley et al., 1975).

fhelley and co=-workers (1975) studied the analytical
ultracentrifugation properties of lung wash lipid-protein
complexes, as well as density gradient characteristics. They
found that the lipid-preotein complexes of lung wash did not
conform to those features which characterize serum lipoproteins
in analytical centrifugation. TFlotation rates for surfactant
lipid~protein complexes were quite high compared to those for
serum lipoproteins, and rates were in the range of very low
dengity lipoproteins (VLDL) of serum. However, a density of
1.0 wna neesde cat these complexes which was the dencity
necassary o float low density lipoproteins (IDL) of serun.
Ulotation rates varied widely, alsc. Analytical ultracentrifuga-
tion of sonicated sediment samples of lung washings resulted
n two peaks, vhose flotation rates were 87 to 300 for the

fzester-poving peak, and 27 te 54 for the slower-moving peak.
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Based on the above results, Shelley et al. (1975) suggested

that the peaks c¢bserved during ultracentrifugation "did not
represent homogenecus lipoprotein classes of different densities,”
but were probably particles of varying size.

Sonication ¢f cell-free lung wash sediments caused
"solubilization of more protein ihan phospholipid." The
sonication resulits indicated that "protein nonspecifically
absorbed to the phospholipid during sedimentation" was not
readily removed. Shelley and co-workers (1975) were quick to
point ocut that even though some protein remained associated
with phospholipid, it did not necessarily follow that it was
a specific association because the periocds of sonication used
were too short fto achieve complete dissipation of phospholipids
into particles of uniform size (Attwood and Saunders, 1665 -
Shelley et al., 1975).

Electron microscopy of negatively stained cell-free lung
wash material in different states confirmed the earlier
hypothesis that peaks found in analytical ultracentrifugation
were not composed of homogeneous lipoprotein classes. The
following observations were made:

Sample Chservation

1) Cell-free lung washings prior Numerous small particles

to sedimentation of various sizes, from
about 20 nm (200 £) to 100 nm
(1000 &) in diameter.
Particles appeared to be
liposomes with characteristic
concentrically arranged

lamellae,
2) oedlmentu resuspended in Liposomes had clumped to
RLS (Ringer's lactate solution) form large aggree ates from
by stirrlng 1000 nm (1C,0C0 g
more in dlameter wnich
were not dispersed by
stirring.
3) Sonication of resuspended Reduction in particle size;
sediment liposomes dispersed.

Suspensions of DPPC studied by analytical ultracentrifuza-
tion exhibited similar flotation rates to the cell-free 1ung
wash samples in NaBr solutions. The peaks had rates ranging
from 25 to 320. They (Shelley et al., 1975, further stated
that analytical ultracentri fugatlon was not a sufficient method
to discern the "presence or absence of specific lipoprotein
components.”

Shelley and co-workers (1975) proceeded to perform
isopyecnic density gradicnt ceatrifugation (which separated
components on the basis of density only). Frevious studies
have used this step, but only after first sedimenting the
surfactant fraction. c£helley et al. (1975) demonstrated that
sedimentation resulted in the loss of some surfactant to the
gupernate, anc promoted formaticn of aggregates which were not
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easlly dispersed. For this reason, they applied a sample of |
the cell=free lung wash t¢ a continuous NaBr density gradient
without pricr sedimentation. They found that the phospholipid .
was concentrated in a relatively narrow band at a density

of 1.045, but protein was sprzad thrcughout the gradient.

Cnly a small amount of protein was agscciated with the phosphe-
lipid band. The PL/protein ratio of the phospholipid band

was dependent on the FL/protein ratic c¢f the cell-free wash
sarple used in the gradient. 'Background protein' prevented
any determination of the extent to which protein was associated
with the phospholipid.

camples from density gradient fractions were run on

SDS-PAGE gels to determine if any protein(s) was specifically
associated with the phospholipid band. Albumin, immunoglobulin,
and several nonplasma protein bands were found in the lung

wash fractions. However, all cf the prctein hands present in
the phospholipid-containing fractions were alsc present in

the cother gradient fractions sampled. There appeared to be

no specific associaticn between any protein and phospholipid.

As discussed previously, Maguire et al. (1977) did a
similar study and obtained results like those above. Cell~
free lung washings from rabbits were placed on discontinuous
NaBr density gradients (without prior sedimentation according
to their description). Fractions were collected, delipidated,
then analyzed by 2D-IEP against anit-ILWP serum, and SDS-PAGE.
They found no differences in peak patterns between surfactant
fractions cr nonsurfactart ccntaining fractions and un-
fractionated LwWP by 2D~IEP. Also, there did nct appear to
be any differences between surfactant and nonsurfactant fractions
using 2D-IEP. Finally, SDS=-PAGE results showed that all
major protein bands could be found in each fraction from the
gradient. Maguire et al. (1977) came to the same conclusion
as Shelley and co-workers (1975) - there did not appear to be
a specific assoclation between surfactant and any protein.
The 2D-1EP data was perhaps the most convincing of this
conclusion. SDS-PAGE showed only that certain MW classes of
protein were not specifically associated with surfactant, but
antibodies used in the 2D-IEP experiment were supposedly
specific only for surfactant (LwP) proteins. Thus, the
results demonstrated that specific proteins could be located
in every fraction - net just the surfactant fraction.

Centrifugation of the lipids only, after organic solvent
extraction of the phospholipid band frem the density gradient,
procduced a2 phospholipid band at a slightly lighter density
than the original band {Shelley et al., 1975). This indicated
that a small amount of protein had been removed from the lipids
(Shelley et al., 1975).

Shelley and co-workers (1975) tested their conditions of
density gradient centrifugation to determine whether or not
lipoprotein complexes were fragmented by their procedures.

The NaBr was replaced with sucrose, temperature was altered,
and the buffer was changed, but these conditions alone, or in
various combinations did not revezl the presence of any specific
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lipoprotein complexes. They did find that the position of Bhe
phospholipid gand was changed if the gradient was kept at 4°C
instead of 20°C., However, they (Shelley et al., 1975)
demonstrated that pure DPPC as well as lipids extracted from
lung washings showed the same density change with variation’
in temperature. Thus, the change in density did not appear to
be due to an increased protein-lipid association (Zhelley

e Hi., 1975},

A worthwhile experiment might be one in which a nonserum
apoprotein (as isolated by King et al. (1974)) were tested for
its presence in different fractions of an isopycnic density
gradient of lung wash material. Anitibodies to each gradient
fraction could be generated and each set of antibcdies could
be tested for apoprotein binding. If apoprotein were only
bound by antibodies to fractions characterized a surface-
active, then a specific association may be proved. This may
be better than IEP methods previously described, and depends
on an ability to isolate a nonserum apoprotein.

Shelley et al. (1975) contend that evidence for the
existence of lipoprotein moclecules in surfactant may be based
on artifacts of experimental methods. Investigators usually
worked with resuspended sediments for density gradient work.
As they (Shelley et al., 1975) demonstrated, sedimentation
promoted formation of aggregates of surfactant liposomes and
protein which were not easily dissociated during density
gradient centrifugation. The amount of protein trapped in
these aggregates and therefore the density would be directly
dependent on the protein content of lung wash from which the
sediment was obtained. Some surfactant was shown to be lesst
during sedimentation, which would compromise accuracy. Scme
investigators only analyzed the visible bands in the gradient
tube for protein and lipid, which would not allow for the
possibility that they were observing 'background' protein
and not specific protein associated with surfactant lipid
(Shelley et al., 1975).

The hypothesis set forth by Shelley and co-workers (1975)
was that when the moncmolecular film of phospholipid is
disrupted by aqueous lavage, the insoluble lipids form
multilamellar, bilayered liposcmes which trap other materials -
(including protein from the hypophase). The fact that the same
proteins were found in the phospholipid and other fractions of
lung wash indicate that the phospholipid-protein asscociation
may be nonspecific. (Of course this hypothesis is based on
the model which describes the structure of surfactant as
including "a monomolecular film of phospholipid at the surface
of an aqueous layer or hypophase" (Shelley et al., 1975) which
may contain proteins and carbohydrates (Weibel, 1973 - from
Shelley et al., 1975)).

Their contention was that density gradient analysis
without prior sedimentation was the best way to isolate and
study lung wash surface-active fractions. This method would
allow separation based on densitv only, not size and density
2s analytical ultracentrifugation (flotation) and sedimenta-
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tion employ. This method would probably not promote aggrega-
tion of lipids either which could cause trapping of nonspecific
protein molecules., Based on the results of their gradient
fraction analysis, there 1s no specific association between
lipid and protein in surfactant.

When confronted with experiments which show an increase
in a particular protein in the surfactant fraction, Shelley
and co-workers (1975) could not "reconecile" this with their
findings. They used the example of Xing et al. (1973) who
found increased concentrations of protein with a M of 10,000 -
11,000 in purified fractions of dog lung surfactant. They
(Shelley et al., 1975) suggested that perhaps this was due to
differences between the two species - dog and rabbit,

The results of Shelley and co-workers (1975) cannot
resolve the apparent existence of specific protein in surfactant
in alveolar epithelial cells as detected by immunocelectron
microscopic studiss (Sueishi et al., 1977). Although Sueishi
et al. (1977) did not prove that the protein, located in +the
cell by labeled antibody, was synthesized there, or was even
the same protein as that labeled at the alveolar surface, the
implicaticr was that type II cells synthesize and secrete
lung surfactant lipid and protein. Cne would expect to see
a unique protein associated with surfactant if the type II
cells actually synthesized one, but according to Shelley et
al. (1975) none has been found.

tWhether or not proteins found in surfactant are actually
lipoproteins, it has been established that proteins, both
serum and nonserum, are somehow associated with surfactant
material. "Because the alveolar surface is separated from
capillary blood by only a very thin layer of tissue over
most of the area of the lung," it is very possible that serum
proteins are contaminants of lung washings (Shelley et al.,
1975). It is also possible that serum proteins form part of
the hypophase (Shelley et al., 1975). Hurst, Kilburn and Lynn
(1973 - from Shelley et al., 1975) perfused pulmonary circula-
tion with sucrose solutions, or with the nonaqueocus liquid
I'C=-80C flucrocarbon tc eliminate the pessibility of contamina-
tion with plasma proteins. They found that lavage material
contained very little protein after such treatment. However,
Bensch, Dominguez, and Liebow (1967 - from Shelley et al.,
1975) demonstrated that albumin and globulins could "migrate
from the alveoli into the circulatory system." Thus, the
possibility that serum proteins are part of surfactant has not
been disproved, because perfusion may cause absorption of some
components (i.e. proteins - including serum proteins) of the
alveclar %ining layer from the alveolar surface (Shelley et
8lsy 1975%).

Some roles for protein in surfactant ahve been proposed,
but none have been proven to this author's knowledge. Proteins
have been shown to "stabilize FC monolayers against loss of
surface activity by repeated compression," in vitro (Hurst
et al., 1973 - from Shelley et al., 1975). Thus, proteins
may play a role in "providing a solution on which a stable
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surface film could be formed" (3helley et al., 1975).
Alternatively, proteins may play a role in "transport of

DPPC from the cell through the hypophase to form the mono-
molecular surface film" (Shelley et al., 1975)., In their
nonograph on surfactant composition, Clements and King (1976)
proposed that apoprotein may play a2 role in accelerating the
adsorption or transport of surfactant to the alveolar interface
to make encugh material available to the surface to meet
physiological requirements. This was based on a study which
they cited (King and Clements, 1972b) showing that sonicated
lipids from surfactant adsorb more slowly from a saline
subphase to the air-liquid interface than surfactant contain-
ing apoproteins., The protein may be involved in the structural
crganization of surfactant as will be seen in the structure
section to follow.

Several important points should be emphasized from this
section on protein composition. Sawada et al. (1977) were
successful in isclating a protein with 36,0C0 MW from bovine
lung surfactant. They indicated that the apoprotein may be
lipophilic, and that the 36,000 MW protein may be a subunit
of the actual apoprotein of 20 X 10* estimated Mi. According
to references cited by Sawada and Kashiwamata (1977}, King
et al. (1973) reported a 10,000 = 11,000 Mi protein and a
34,000 MW protein (King, 1974) in surfactant. King et al.
(1974) successfully demonstrated an RIA for detecting surfactant
"specific" antigen in sheep lungs. IEspecially significant
was their ability (Xing et al., 1974) to determine surfactant
"specific" antigen in fetal lamb lungs. Sueishi et al. (1977)
used immunohistochemical techniques to lceate surfactant
"specific" protein in lung. The labeled antibody was found
in ER, Golgi complex, MVB's, and lamellar bodies of the type
IT cell, and in the alveolar lining material. Histochemical
studies indicated a possible MPS association with surfactant
{(Groniowski and Biczyskowa, 1964, 1968; Kikkawa et al.,, 197C).
Using Thorotrast stain, Oledzka-Slotwinska and Maisin (1970)
concluded that MPS was not a component of surfactant. Steim
et al, (1969) used biochemical methods to demonstrate that
the protein and carbohydrate of surfactant were not functionally
significant. Frosolono et al., (1970) and Bhattacharyya et al.
(1975), using biochemical techniques, showed that glycoproteins
were a part of surfactant. Frosolono et al. (1970) found that
the protein associated with lipid in SAF had glycoprotein
character, Bhattacharyya et al. (1975) found two glycopeptides
in both lavage and lamellar body material and suggested that
the lamellar bedies were the source of the two glycopeptides.
Cne point missing from these glycoprotein studies was the fact
that specificity of these glycoprcteins for surfactant was not
fully demonstrated. TFinally, the Maguire et al. (1977) and
Shelley et al. (1975) studies provided evidence for the lack
of a specific protein associated with surfactant. Naguire
et al. (1977) found secretory IgA as the only nonserum protein
in lung washings. Shelley et al. (1975) suggested that the
lipid-protein asscciations of surfactant could have been
artifactual., They alsc showed lack of a specific protein-
phospholipid association by 3DS-FAGE analysis of denaity
gradient fractions.
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These studies provide examples of the type of work
teing conducted on surfactant proteins. As was stated
earlier, the role of these proteins is uncertain.
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C. Carbohydrate Composition

The carbohydrate compesition of surfactant has received
much less attention than the lipid and protein components of
this substance. The discussion presented in the section on
protein compogition suggests that some cartohydrate found
associated with surfactant (lavage) may be due largely *o
glycoproteins found with surfactant material. Clements
and King {1976) gave a very brief overview of surfactant
carbohydrate content in their monograph. They cited a study
showing that carbohydrate was associated with lung lavage
fluid, and proceeded to discuss carbohydrate compositicn in
terms of glycoproteins. They indicated that the 11,000-dalton
vrotein which they have isolated from surfactant had lipid and
narbohydrate (hexose and sialic acid) associated with it, and
discussed their study of this protein in more detail later.
Due to the apparent lack of information on this particular
surfactant moiety, this author has come to the conclusicn
that the relationship of carbchydrate to surfactant has not
been clearly established. The literature appears to be very
sparse on this subject.
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D, Structure of Surfactant

Now that the composition of surfactant has been presented,
the way in which these components may be arranged in the
multilamellar beody (MLB) and in the extracellular tubular
myelin surfactant (TMS) will be discussed. Frogress made in
methods of study of lung tissue for electron microscopic
examination over the past several years has enhanced understand-
ing of these structures.

The following discussion will center mainly arcund the
work of C.Jd. Stratton who has reviewed other studies as well
as his own to come up with theories as to the three-dimensional
structure of multilamellar bodies and surfactant lining
material. He has also discussed mechanisms for MLB formation
and proposed models for surfactant formation. The models
propesed by Stratton appear to be probable in viewing electron
nicrographs of others as well as Stratton's work. (However,
this author is not an expert on electron microscopy). The
papers discussed in this section will hopefully give the
reader a framework from which to look at surfactant structure
and is not intended to be a fully comprehensive review of this
subject.

Cnly the basics of proposed structures and models will
be outlined here. The reader is encouraged to look up the
references cited here., Only then can one be esxpcsed to the
uetailed analysis used in devising the models of surfactanz
and MLB structure and formatiocn.

Because MLB's appear to be the storage sites for surfactant,
their structure will be discussed separately from the structure
of tubular myelin (which can be loosely interpreted as
secreted surfactant). 3Based on thin section and freeze-
fracture electron micrographs, Stratton (1976a) came up with
a three-dimensional (%=D) model for the structure of MLE's.
Figure 4 includes sketches after Stratton's (1576a) paper on
this topiec. Included in that paper are sketches of what
oblique sections may look like, as well as supporting electron
micrographs.

The ensuing discussion will include remarks about this
model as pictured in Figure 4. Again, this author encourages
the reader 1o look at the paper cited here in crder to see
how electron micrographs display various features of the
model, Tigure 4a is a sketch of a longitudinal section
through the MLB. The bottom portion of the external limiting
membrane has been designated as the "base plate." Two distinet
areas lie inside the base plate (BP). They are lamellae and
matrix core., The matrix core is described as nomogeneous
matrix which usually contains 2-25 vesicular bodies. This area
projects from the center of the base plate, up through the
center of the body about one-third to three-quarters of the
way to the top of the bedy. The matrix core (MC) has the
general shape depicted in the sketch, and is slightly convex
where 1t "rests" against the base plate. The tcp of the MC
"is limited by the most internal lamella" (Stratton, 1976a)
and is rounded at the top. The lamellae are attached to that
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Figure 4. (After Stratton (1976a) Figs. 2-4)
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portion of the base plate labeled projection plate., The .
lamellae project vertically from the projection plate (PP),

and "each lamella is attached in a circular fashion arcund

the entire diameter of the projection plate" (Stratton, 1976a),
see Figure 4b., That part of the external "limiting membrane
designated as the projection palte is also arranged in a
circular manner and surrounds that portion of the base plate
from which the MC projects. That portion of the external
limiting membrane under the MC is designated as the matrix
plate (MP). Thus, MP + PP = BP, The BP is a lipid bilayer
membrane, however, the top of the MLB is not always limited

by a membrane. Scmetimes the most external lamella of the ML3B
encleosss the top of the structure. At times, the whole

body was limited by a distinct biological membrane. Unextracted
vesicles were observed in the MC. Vesicles appearing in the
MC were always unextracted, not like cytoplasmic vesicles
whic¢h were mostly extracted. The contents of the vesicular
bodiss appeared "to ke of the same homogeneity as the surrounding
patrix" (Stratton, 197%a). Because the matrix core vesicles
were always unextracted as opposed to the cytoplasmic vesicles
which were generally extracted, Stratton (1976a) suggested
that the contents of the vesicle may be altered as it is
incorperated into the iiC.

in general, most MLB's ranged from 25-70 lamellae. The
MC was always present no matter what the size of the VLB was.
The MC was present even in large bodies which appeared to
be ready for release into the alveolar space. These mature
MLB's were from 1.2 - 1.61 in diameter and were 1.0 - 1.6u high.
Another structurs rnot detailed by Stratton's model (1976a),
but mentioned by kim in a subsequent paper (Stratton, 1976h;
and observed by ctiers including Kikkawa and Manabe (1978)
is the presence of "particlies" on the lamellar surfaces.
Kikkawa and Manabe (1978) used freeze-fracture techniques and
reported the presence of particles about 15 nm (in diamemter)
associated with the lining membrane of lamellar inclusion
bodies. However, they did not find these particles associated
with lamellae as others have (Lauweryns et al., 1973; Smith
et al., 1973 = from Kikkawa and Manabe, '978). Lauweryns and
Gombeer-Desmecht (1972 - from S3tratton, 1976b) hypothesized
that the surface particles might be hydrophilic polar groups
or phospholipid heads of phcspholipids, Smith et al. (1972 -
from Stratton, 1976b) proposed that the surface particles were
robably protein-lipid associations. According to Stratton

1976b) this would mean that the surface particles are

"peripheral to each lamella (lipid bilayer) or project from
it," and "the polar heads and fatty acid tails are incorporated
in =ach lamella."

Apparently, based on his work with biological membranes,
Branton (1971 - from Stratton, 1976b) has found that particles
found in myelin "indicate areas of physiologic activiiy."
Kikkawa and Manabe (1978) suggested that the particles which
they found may be "protein enzymes associated with membranes."
Deamer et al., (1970 - from Stratton, 1976b) had found that
the freeze-fracture faces of lipid-water preparations were
always uniformly smooth. 3ranton (1971) theorized that the
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smooth regions of freeze-fracture faces corresponds to ,
cleavage, through the fatty acid tails. "He (Branton, 1971 =
from Stratton, 1976b) proposed that particulate regions
corresponded to a cleavage immediately peripheral to the

heads, and the particles were protein or lipid-protein associa-
tions on the surface of those heads." Branton (197t) also

found that the face of the membrane next to the cytoplasm

had many fewer particles than the face of the membrane next

to the extracellular space. The significance of these particles
remains undetermined.

Due to the differences in fixation and embedding procedures,
as well as differences in terminology, there has been real
variation in the reported measurements for MLB's., Stratton
(1976b) defined a "lamella" as a lipid bilayer. His measure-
nents were "from the middle of osmiophilic band tc the midéle
of the next csmiophilic band." He was therefors measuring
"from the outside of each phosphelipid head to the cutside of
the other phospholipid head making up that lipid kilayer,
and included the fatty acid tails (the electron itranslucent
area)." The lamellar width or width of the lipid bilayer
was also defined as the pericdicity. Stratton (1976b)
determined the periodicity tc be 656 i using glutaraldehyde
and urea embedment, and with Zpon 812 resin polar dehydrant.
Some investigators using freeze-etch techniques (Smith et al.,
1972 - from Stratton, 1976b) have reported an interlamellar
space or interlipid bilayer space, but Stratton (1976b) did not
find this.

Douglas et al. (1975) used the water-soluble plastic,
hydroxypropylmethacrylate as the dehydrating agent and en
bloc staining of lung tissue with magnesium uranyl acetate in
saline to sgtudy thin sections of rat lung tissue. Their
nmethod showed well vpreserved MLB's with Eeriodicities of
42 B (26 % electron-cpaque zone plus 16 X electron-translucent
zone). The external lining membrane of an osmiophilic inclusion
body (QIB) was also remarkably clear in one of their electron
micrographs. They also observed electron-opague lamellae
with the same periodicity in organelles which resembled INMVB's.
The lamellae of an O0IB in one of the electron micrographs
appeared to be arranged parallel or perpendicular to the
limiting membrane, but did not appear to contact it. According
to Stratton's (1976a) model, this was probably an oblique
section through the side of the projection plate.

Stratton (1976a,b) reported several anomalies when
looking at thin sections of alveclar tissue. These variations
rom the norm will not be included in this discussion. TFor
the reader interested in pursuing the electron microscopic
study of lung tissue, information on these anomalies would
be enlightening.

It is important to note that there was some apparent
species diversity when monkey and rat tissues were compared
(Stratton, 1976a). The same basic structures were observed
in both, but monkey tissue MLB's were larger and generally
had 2-4 lamellar foci.
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From reading Stratton's (1976a) presentation of the four
basic theories on MLB formation, it is apparent that this
single concept has been a center of controversy, probably
since the time these bodies were linked to surfactant. Due
to the already wide scope of this paper, it is not possible
to expound on every aspect of surfactant synthesis and secretion.
Therefore, in keeping with the goal of restricting this
report to our current state of knowledge, nc attempt will
be made to develop a historical account of those theories,

One theory on MLB formation is that lamellae are formed
only from matrix core which originated as a MVB (Stratton,
1976a). This idea comes from the work of Sorokin (1967 -
from Stratton, 1976a). Stratton (1976a) finds this the most
probable theory in light of his structural model and
morphological findings. Stratton (1975 - from Stratton,
1976a) claims to have "observed lamellae forming from the
homogeneous matrix of the matrix core." He also said that ke
has seen that Golgl are always "prolific," and consistently
found large membrane enclosed MVB's (Stratton, 1976a). Those
MVB's which contained lamellae had a minimum of 15-25 vesicles.
Large numbers of single vesicular bodies were alsc observed in
the cytoplasm near the nucleus. (Note: Douglas et al. (1975)
found lamellae in MVB's with the same periodicity as those in
MLB's), Tor a mature MLB of 1.3%3u in diameter to develop from
a growing MVB of 23 vesicles and 4 lamellae (0.3um in diameter),
the MVB would have to increase in size by over four-fold.
Stratton (1976a) proposed three ways by which material could
be contributed to the MVB for growth. One, those single
cytoplasmic vesicles mentioned earlier could become incorporated
into the matrix. Two, cytoplasm may be incorporated. Three,
microtubules may transport materials to be incorporated into
the MC., Stratton (1976a) did observe microtubules (MT's)
which appeared to terminate at the base plate, opposite the
MG, Stratton (1976a) also stated that the actual addition of
material to the MVB may occur by a combination of the above
mechanisms or may occur by all of them.

Cne combination of mechanisms proposed (Stratton, 1976a)
included MT's and the single vesicular bodies. Because
vesicles in the MC did not appear extracted as opposed to
single cytoplasmic vesicles which were extracted, it was
thought that there may be a change in content before or
after these vesicles were incorporated, Thus, Stratton (1976a)
theorized that the "prelamellar material is incorporated into
the matrix core via singular vesicular bedies and/or a
microtubule system."

Other authors have discussed evidence which may be in'line

with Sorokin's (1967 - from Stratton, 1976a)hypothesis for

MLB formation. From Frosolono's (1977) review came the idea
that lamellar bodies are "degenerative lysosomes.," This was
apparently indicated by the presence of acid phosphatase

and other hydrolytic enzymes in lamellar bodies (DiAugustine,
1974 - from Fresoleono, 1977). Heath and Jacobson (1976)

used a different descripticon. They noted that lysosomal
hydroclases have been found in lamellar bodies. They went on
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to say that "intracytoplasmic surfactant" may ke taken up by
lyscscmes as part of an autopnagic process, then be secreted
by exocytosis (Heath et al,, 1976 - Irom Eeath znd Jacobson,
1976). Heath and Jacobsen (1975, z2lso zited twe studies
which demonstrated the presence of phospholipase 4 and Az
activity in lyscscmes. Thus, it wesz suggested that lysosomal
rhospholipases may be invelved in surfactant secretion, or
they may destroy surfactant before it is discharged from the
cell. EHeath and Jacobson (1976) ¢id find lysoscmal phosphcoliryase
Ay and Ay activity in the rabbit lung lamellar bodies, and
concluded that this was in agreement with the theory that
lysoscmes are invelved in the development of lamellar bedies.

wiien considering this theory, a few things should be
kept in mind. The MVE is considered 4o be fcrmed by
invagination of lysoscme delimiting membrane whickh pinches off
into the interior of the lysosome as a vesicle cr tubule
‘Jovikoff and Holtzman, 1976). Looking at Sorckin's (1967)
theory, MLB's may start out as lysosomes which incorporate
Golgl Tormed vesicles containing surfactant materials.
(Lysosomes are 2lso Golgl derived (Novikoff and Holtzman, 1976)).
Massaro and Massaro (1976) cited studies which demcrstrated
that Golgi complex, lysosomes, and MVB's all cortained acid
rhesphatase and other histochemical similarities.

4 second proposal for the formation of MLB's is that
the lamellae form peripherally *o the body (Stratton, 1976a).
In other words, the innermcs®t lamellae are laid down first
followed by lariellae being added to the outside of the previous
ones. Pease (1275 - from Stratton, 1976a) observed short
phospholipid micelles in fixed lung tissue and suggested that
these same micelles may cccur in vive to form "secreticn
bodies.” These short phosphelinid micelles were not observed
in asscciaticn with Golgl areas of MVB's but were observed
in the "great alveolar" c¢cell and in lung epvithelial and
endothelial cells. He (Pease, 1975) did observed these micelles
witiin what he thought were "developing mnultilamellar bodies."
However, Stratton (1976a) suggested %hzat the phosphelipid
ricelles may have been artifacts formed during the glutaraldehyde
and urea embedment. When Stratton (1976a) used this particular
embedment, he observed these short (0.02 - ©.08u) phospholipid
micelles, but did not observe them in Epon 812 resin dehydrated
tissues.

Douglas et al. (1975) found areas of smooth endoplasmic
reticulum (SER) containing intracisternal elsctron-opaque
lamellae which were 268 thick ueing hydroxypropylmethacrylate
as a dehydrant. Lamellae of this thickness were alsc observed
in type II cell cytoplasm. Douglas et al. (1975) postulated
that the cisternae of BER located near 0IB's "may be the site
of synthesis of highly saturated phosvholipids of +the inclusion
bodies." In support of this they (Douglas et =21., '975) cited
Adamson and Bowden's (1972) autoradiographic studies using
tritiated palmitate or acetate precursors which revealed
that most of the silver grains were located at the Eeriphery
of CIB's over adjacent membranes., Stratton, (1976a) did
find large numbers of smooth membranes from 0.C3 - 0.84a in
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length located next fto !MLB's which lacked a limiting membrane
above the midline. Ee (Stratton, 1976a) also found that some
membrares formed a 66A periodicity with the MLB which seemed
to support the peripheral growth mechanism., This phenomenon
was most evident in the monkey groups. However, Stratton
(1976a) did not find lamellae in the SER as Douglas et al.
(1975) had reported.

Stratton (19762) contended that if peripheral growth
were to occur, "the preformed lamellae would become attached
to the base plate" with increasing numbers of lamellae added
peripherally. Two problems which he found with this theory
were, 1) there was usually a limiting membrane over peripheral
areas of MLB's, and 2) perigheral lamellae were sometimes
geen to be attached for 360° around the projection plate
(i.e. they were attached to the same side of the base plate
as this author perceives it). If these malformed lamellae
were the first to have been formed by internal growth, then
formation of additional malformed lamellae would inhibit the
elongation of the first which could have caused fracturing
and movement to the peripheral position.

The third mechanisr for MLB formation which has been
proposed, involves formation of lamellae by a combination
of MC and SER material (Stratton, 1976a). By this method,
the MNC may provide the matrix for the first lamellae laid
down, but subsequent lamellae may be preformed in the S3SER
and laid down peripherally (Stratton, 1976a). Stratton
" (1976a) implied that support for this comes from the idea
that if all lamellae were formed internally from the MC, then
growth materials from the MC for elongation of the initial
lamellae may have to go through "as many as 106 lamellze."
He did not consider the possibility that elongation may occur
at the base plate, which may support the intermal formation
hypothesis (see Figure 5). Of course one would then expect
to see fully formed lamellae on the periphery of MLB's with
a partially formed lamella most internal to the MC.

The fourth mechanism proposed for MLB formation is that
MLB's are formed from mitochondria (Stratton, 1976a). This
was the most acceptable hypothesis at one time until
Jdnvestigators found morphological and histochemical evidence
agains®t it (Strattcn, 1976a). However, Callas and De Groot
(1976 -~ from Stratton, 1976a) used euthyroid, hypothyroid,
and hyperthyroid animals and found morphological evidence
that MLB's are derived from both mitochondria and MVB's.
Stratton {1976a) did not find morphological evidence for this
when he used normal rat or monkey tissues.

In addition to these theories of MLB formation brought
out by Stratten (1976a), it has been proposed that they are
formed by phagocytosis. However, this is an unlikely nmechanism.
In a review by Massarc and Massarc (1976) they cited Niden
(1967) who proposed the phagocytic origin of lamellar bodies.
iden (1567 ~ from Ryan et al., 1975) »roposed that Clara
cells produce surfactant and type II cells acquire it by
rhagocytosis., Massarc and Massare (1976) also cited
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This figure represents liC material coniributing

to lamella elongation at the base plate level.

In other words, as material is added to the lamella
at the base plate level, it gets "taller."

other work which was against this proposal. Three lines of
evidence oppose the phagocytic mechanism. First, the type

IT cell has not been confirmed as an "actively phagocytic

cell" (Zsterly and Faulkner, 1970 - from Massaro and Massaro,
1976).,. The lMassarc's (1976) stated that "all other studies
indicate that they (type II cells) are either nonphagocytic

or, at best, weakly phagocytic." Second, Kuhn (1968 - from
Massarc and Massarc, 1976) found that the lamellar bedy
limiting membrane did not have the layer of 'fuzz' chserved
over the type II czll plasma membrane; nor was alkaline
phosphatase activity of the plasma membrane present in the
limiting membrane of the lamellar bedy. It was noted that

even when the lamellar bodies "communicated with the extra-
cellular space" it did not stain for alkaline phosphatase.

They (lMassaro and Massaroc, 1976) stated that there is a gradual
loss of characteristic enzyme activity of the plasma membrane
used to form phagocytic vesicles after it has been interiorized.
Third, if lamellar bodies were formed via a type of phagocytic
action, one would not expect to see labeled surfactant precursors
in the MLB before they were found in the alveolar wash.

Young and Tierney (1972) demonstrated a delay in labeled

DFPC appearance in lavage compared to whole lung.

Cne final note on this subject which is significant %o
those investigators interested in secretion and/cr micro-
tubular functions. Stratton (1976a) proposed that micro-
tubules (MT's) may be involved in pushing the MLB's toward the
alveolar surface as well as transporting material to the XC
(Stratton, 1976a), He stated that this may explain the convex
shape of the base plate associated with MNT's in one of his
micrographs. However, he reasoned that if MT's were iInvolved
in the pushing action, then they would be found between the
FLB and the interior of the cell, not to the side of or between
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the MLB and the alveolar space. He found mature MLB's in
"random orientation" with respect to MT's throughout the cells,
suggesting that perhaps MT's do not push MLB's to the alveolar
space (Stratton, 1976a). His reasoning is not complete here
because if MT's do indeed transport materials from one part

of the cell to the other, then one would expect to find some
MT's which were not oriented to MLB's. In other words, some
IT's amy be performing functions which are not directly related
to MLB's.

In 1977, Stratton (1977a,b) published a pair of papers
similar to those used primarily in the previous discussion
of MLB's. However, he used this format to describe his
findings on tubular myelin surfactant (IMS). The first paper
dealt with his 3-D model of TMS, and the second paper was
mainly a comparison of different embedment procedures and
presentation of a model for TMS formation. The following
discussion will be based mainly on these two papers in order
to present a model for the structure of TMS., As stated
at the beginning of this section on structure, Stratton
(1977a,b) has set forth probable models which appear to be
based on scund research and thought. Other models may exist,
but he had not found any mcdels describing transformation of
lamellae to form the TMS structure.

From the inferences made in the literature, tubular
myelin appears to be the secreted form of surfactant matrix
which exhibits a square-like pattern. The term "tubular
myelin" is somewhat misleading, especially tc the inexperilenced
morpholeogist. Figure 6 is a three-dimensional sketch of
the tubular myelin figure as envisioned by Stratton (1977a).
The face denoted A in the figure is a sketch of what cne
might see in an exact cross section of the TS layer. Of
course, electron micrographs do not show such a neatly
depicted representatidén. Cne thing left out of the drawing
is the lipid bilayers which often traverse one or more of the
membranous corners in TMS (Stratton, 1977a) (see Figure 9d).
Also, depending on the type of fixation and embedment methods
used, the interior of the squares often appear more extracted.
What one generally sees in a cross section or oblique cross
section (such as face E) would be more of az fence-like
network (see Figure 7a2). The same holds true for longitudinal
sections, the matrix is extracted in the center so one sees
something similar to Figure Th., Figures 8 and 9 depict what
goes into making up the square pattern which is visualized in
thin section electron micrographs. Figures 9b and 9c are
representations of two mechanisms by which tubular myelin
may be formed. This will be discussed later.

Basically, as shown in Figures 6-9, the TMS appears to
be simply lipid bilayers which have been transformed from
a parallel arrangement to form a square tubule. Figure 6,
as stated earlier, is Stratton's (1977a) 3-D model for the
structure of tubular myelin. The paper in which this model
appears (Stratton, 1977a) has several electron micrographs
in which he determined the angle of sectioning based on his
model (such as cross section, obligue section through face A,
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Figure 6. (After Stratton (1977a) Fig. 1)

Tubular Myelin
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Figure 8. Sketch of Tubular Myelin Cross Section
(After Stratton (1977b) Fig. 1)
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etc.). His contention is that the plane of sectioning of most
thin section electron micrographs can be determined using
this model, He also cited examples where sections have
apparently shown this TME layer to be homogeneous, but he
explained that an oblique section itself could have caused
such an appearance based on nis model, In a electron migro-
graph of TMS "longitudinally sectioned at an angle of 60

from the horizontal," there appeared tc be homogenesous
surfactant. However, Stratton (1977a) concluded that his was
not actually homogeneous surfactant or MLB matrix, but rather
an oblique section through the TMS. He also stated that
previous accounts in the literature of "hypophase or matrix"
designaticns were in reality "oblique cross or longitudinal
sections through highly ordered tubular myelin figures."

There appear to be stages in the formaticn of TMS from
MLB's according to Stratton's (1977a,b) observations. TFirst,
ALB's are secreted. Once MLB's are secreted, they may remain
unexpanded (thé lamellae have not increased their periodicity)
for a period of time. The matrix core of secreted MLB's is
sometimes visible and sometimes not (Stratton, 1977a). Also,
no vesicular bodies are observed in the MC of secreted MLEB's
(Stratton, 1977a). Next comes expansion and rearrangerment.
Expansion appears to occur by pairs of lipid bilayers. The
lamellae appear to be "pushed apart by ths absorntion of an
extracellular material." Lamellae also rearranged to form
the cross membranes of TMS (Stratton, 1977a).

Stratton (1977a) observed what he called five distinct
layvers which characterized THS in one section which he cbserved.
The elements included here were not in the restricted concert
of what constitutes THS given earlier. These layers and
descriptions are given in Table 6. The layers discussed
there follow the stages of TMS formaticn for the most part,
ard include the degraded surfactant layer which was not listed
as a stage in the above discussion.

Stratton (19772) noted that within the transformed ML3's
there were 2=13 grcups of tubular myelin oriented at diverse
angles within the transformed body. There were from 1-14
cross membranes and 1-12 horizontal membranes in each group
of myelin tubules (Stratton, 1977a). The groups of tubular
myelin ranged from 0.16 to 1.8u long (Stratton, 1977a).
Stratton (1977a) found that the horizontal lamellae were not
~disturbed by the diverse orientations. Presumably, even
though the [MLB's were expanded and rearranged, their basic
3=D form with "concentric laminations was entirely retained.”

Based on his models, Stratton (19772) proceeded to
demonstrate how he could quantitate the number of lamellar
bodies in a surfactant area. IZach MLB identified in a
thin section electron micrograph was described in detail.
Although his descriptions will not be covered in this paper,
gome observations are worth noting because they provide clues
as tc changes taking place in MLB's upon secretion.

In an obligue longitudinal section through an expanded



Table 6. TFive Layers Characterizing Lung Surfactant

1. Unexpanded surfactant Scmetimes the dominant layer.
Could include as many as 63
recently secreted MLB's in
random orientation.

2. Formation layer Incorporation of a homogeneous
material and rearrangement of
lamellae to form cross membranes
as they "fan out."

3. Mature tubular myelin Square-like arrangement similar
surfactant layer to that depicted in Figure 7Ta.

4. Air-surfactant interface| This layer was usually comprised
layer of a single lipid bilayer membrane
at the interface. (Sometimes
"it was 2 tc 8 unexpanded
membranes thick"). This membrane
was the outermost membrane of
from 1-12 expanded MLB's, and
"often was either the earlier
formed cross membrane or the
original horizontal membrane,"
depending on the orientation of

the TMS.
5. Degfaded surfactant Loose spheres in the alvecglar
layer space which often contained

parts which had lost portions

or all of their lipid bilayer
structure and appeared degraded.
Parts of the cross membranes

and matrix material were observed.

Note: Stratton (1977a) proposed that spherical lipid bilayers

may be formed in TMS during the transformation process, thus

the disintegrating spheres may not always be due to a second

rearrangement at the air-surfactant interface.
]

and rearranged MLB no base plate was present. Stratton
(1977a) suggested that the absence of this membrane would
expose the contents of the MLB to the external environment.
He thought that this would be necessary for incorporation

of external materials as matrix of the tubular myelin. The
matrix core, which Stratton (1976a - from Stratton, 1977a)"
had observed as released along with the lamellae into the
alveolar space, was noticeably absent. \hether the material
was used in forming cross membranes of the TMS (see Figure
9b) or used in some other way is not known. The MC was also
absent in TMS and its (the MC) space was filled with TMS

38 observed in a cross section of an expanded and rearranged
MLE. The orientation of tubular myelin membranes was sometimes
disrupted which was attributed to the displacement effect
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of MLB's on each other and their environment (Stratten, 1977a).
"TMS areas varied from 1-72 MIB's per area." The degraded
forms of TMS were spheres, usually limited by one membrane

and no more than four. Stratton (1577a) suggested that in

the degraded state TMS phospholipid, protein, and carbohydrate
find "greatest molecular stability in spheres.”

The 3-D model of TMS proposed and substantiated by
Stratton (1977a) was in direct conflict with the structures
proposed by other investigators. Stratton (1977a) cited
observations from earlier investigations, which were presumably
based on extracted tissues, that supported a homogeneous
area with few inclusions as part of surfactant. Stratton
(1977a) found that his cbservations of lipid and carbohydrate
retained material indicated that surfactant was TMS. The
homogeneous areas he found were determined tc be due to the
orientation of the section through TMS in many cases. Thus,
he called the "epiphase-~hypophase" model into question.

Cross membranes of TMS appeared to be less sitable than
the horizontal membranes (Stratton, 1977a). Cross membranes
seemed to be more easily extracted and mechanically disturbed
than their unrearranged horizontal counterparts, Stration
(1977a) suggested that this indicates the importance of the
TMS orientation in a given surfactant area. Apparently,
if the horizontal membranes are oriented perpendicular to the
air-surfactant interface, then this is a stronger arrangement
than having them oriented parallel to the interface,

Stratton (1977a) also spoke of the possibility that
surfactant is recycled, and of the néed for adding surfactant
to the alveolar surface. He observed lipid bilayer spheres
which were apparently derived from the air-surfactant interface,
and found such spheres in different stages of disintegration.
This indicated to him that there may be absorption of scome
lamellar components. The surfactant matrix, which was noted
as adjacent to both type I and type II cell membranes as well
as at the interface, seemed to take on a "globular" appearance
(Stratton, 1977a). PFPresumably this inferred that surfactant
was being resorbed into these cells. Also, inferred was that
passive or active transport of surfactant components may have
been taking place at this site (Stratton, 1977a).

Because most expansion and rearrangement of surfactant
toock place at the type I cell-surfactant interface and not
at the air-surfactant interface, there was apparently no
contribution of additional surfactant "peripherally" to the
"degrading surfactant-air interface" (Stratton, 1977a).
Stratton (1977a) concluded that the surfactant area is totally
degraded and then totally replaced by unexpanded surfactant
which will be transformed. Stratton (1977a) alsc concluded
that it may be "normal” for different parts of an alveolus
to be without surfactant at any given time.

Freeze-fracture studies were also cited to supvort the
stames of development and disintegration Stratton (1977a)
suggested for THM3. They were not discussed by him, but the
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interested reader is referred to his paper for the references.
Kikkawa and Manabe (1978) performed freeze-fracture analysis
of lung alveolar tissue and found spherical bodies, tubular
cylinders with mostly rectanguler fracture faces, and laminated
membranous structures in the alveoli (i.e. extracellular
environment). They (Kikkawa and Manabe, 1978) believed the
tubular cylinders corresponded to TS, and found stacks of
membranes in spherical bodies, as seen in the MLB's. No
rarsicles were scsen associated with these lamellar membranes
(Kikkawa and Mansbe, 1978). These observations sounded very
similar to what one would expect to find based on the
observations of Stratton (1977a,b). This was the first study
to show the actual cross sectional appearance of the tubular
figures using the freeze-fracture technique (Kikkawz and
Manabe, 1978). Xikkawa and Manabe (1978) made further
suggestions as to the nature of the tubular cylinders and
spherical bodies but this author could not ascertain the
basis of their reasoning. They stated that it was "reasonable
to assume that the surface layer of the spherical body

on which tubules rest is comprised of a polar lipid monolayer
with hydrephilic heads pointing outward." "This surface
monolayer of lamellar bodies can beccme a monolayer ccovering
of tubules, apposing other tubules. This would explain the
formation of unit membranes between tubules." This author
was not sure of what was meant by "monolayer" here. However,
the suggestion of formation of a unit membrane between
tubules did seem to fit the model visualized in Figure 94 where
there appears to be a unit membrane formed. They concluded
that the tubular figures may represent a new structure formed
"upon interaction between the content of lamellar bodies

and the alveolar fluld," because these figures were not
observed interior to the stacks of lamellar membranes in the
alveolar space or in MLB's (intracellular MLB's).

The preceding discussion of TMS was mostly based on the
first of two accompanying articles published by Stratton
(1977a) in 1977. The following material will mainly focus
on his second paper (Stratton, 1977b), where for the first
time a mechanism for MLB transformation was proposed.

In the first portion of his study, Stratton (1977Db)
compared the appearance and measurements of lung tissues
prepared by different embedment techniques. The comparisons
will not be covered here. However, Stratton (1977b) found
Zpon 812 resin embedment to be the best method for preserving
lipids and carbohydrates. His measurements of TMS using this
technique were given in Figure 8. TFor purposes of compariscn,
Stratton (1977b) defined a tubular myelin as "the four 4685
osmiophilic bands (the phospholipid heads of a lipid bilayer
and whatever osmiophilic material that had been attracted to
them during the itransformation process) which limited the
square myelin tubules, plus all the material that was included
within that square (the surfactant matrix and spherical area)."

Before getting into a discussion of the proposed
mechanisms of MLB transformation, several of Stratton's
(1977b) noteworthy cbservations will be presented. Stratton
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(1977b) found evidence which suggested that MLB's were made
up of the same phospholipids as unexpanded surfactant., He
observed a hexagonal array of membrane subunits in both a
primate intracellular LB and in extracellular unexpanded
surfactant of rodents. This hexagonal array may indicate

the presence of lysolecithin., In studying a miercgraph which
showed an area of unexpanded surfactant which was in the
process of expanding and rearranging, Stratton (1977b) made
three significant assertions. First, the lamellae were found
to be splitting between phosphelipid heads which provided
evidence for the idea that each osmiophilic band in VLB
lamellae and in unexpanded surfactant represented two layers
of heads (Stratton, 1976a,b = from Stratton, 1977b). Second,
the unit of expansion appeared to be a pair of lamellae

(see Figure 10). He also observed cross membranes finishing
their formation "immediately after expansion." Thirg, it
appeared as though the most external lamella of the pair
"(most peripheral in the MLB)" formed the cross membranes, :
and the internal lamella of the pair continued in the horizontal
direction (see Figure 10 and 9¢). Stratton (1977b) referred
to a figure almost identical to 9¢ as representing this
mechanism of transformation, however, in light of his
explanation, Fi e 10 seems to be a better representation.
Stratton (1977b) also regularly observed expanded, but not
rearranged lamellae in TMS, It was rare to see groups of
lamellae pairs which had not expanded, but pairs were not
always rearranged.

Stratton's (1977b) models for MLB transformation to TMS
have been touched upon zlready. IFigures 9b and 9¢ are his
representations of two of the proposed mechanisms. Quite
simply, Figure Sb represents a method whereby the matrix
core of the MLB forms the cross membranes of the TMS. Evidence
for this mechanism seems to come from the fact that the INC
material "present in mature, rodent MLB's positicned for
release into the alveolar space" may contain enough material
to form cross membranes (Stratton, 1975; Stratton, 1976a -
from Stratton, 1977b). TFigure 9¢ represents the mechanism
whereby alternating MLB lamellae form the cross membranes of
TIS. As discussed above Stratton (1977b) found evidence for
this mechanism in the thin section of an area of expansion
and rearrangement. What he saw was more specifically represented
in Pigure 10. A third mechanism, which Stratton (1977b)

did not elaborate on, involved an en masge rearrangement of
all MLE lamellae to form the THS. This mechanism is argued
against on the premise that the "physical integrity of
alternating lamellae is different," and paired expansion
appears to exist (Stratton, 1977b).

Stratton (1977b) contended that the second mechanism,
the cone pilctured in Figure 9¢, was the most probable one for
TS formation from unexpanded surfactant. He stated that
basic membrane ultrastructure and biochemistry as is currently
Inown as well as moryhological evidence suproris this theozry.
He gave eight peints upon which he based the argument for this
machanisrn, These points are given in Table 7 because
they can be stated more concisely in tabular form than in
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Table 7.

Morphological Evidence for Transformation

of Unexpanded Surfactant to TMS via Expansion and
Cross Membrane Formation by Alternate Lipid
Bilayers (Stratton, 1977b)

Tvpe of Evidence

Obgervation

1. Split between phospholipid
heads

Pairs of horizontal
membranes

3., HMembrane Fusion

4, Alternating lamellae
contain different
components

5. Parallel and angled

series of ribs (in
freeze-etch electiron
micrographs)

B

Separation of pairs of lirpid
bilayers between phospholipid
heads was observed in an
expanding, rearranging area
of TMS.

Areas of paired horizontal
membranes were observed in
mature TMS which had no
cross membranes. (Expansion
without rearrangement

Stratton observed possible
lysolecithin presence in MLB's
and in surfactant., Presence
lysolecithin supports re-
arrangement hypothesis because
it is thought to induce
membrane fusion

Slight extraction of MLB's
revealed extraction of alternat-
ing fatty acid tail layers,
denoting different physical
properties. In the mcdel,

rfig. 9¢, alternating layers

of lamellae are shown to

have different amounts of
protein and carbohydrate.

Angled series of TMS groups
(observed in thin section
ribs (observed in freeze=
etch micrographs)} indicates
that there may be some pattern
of protein and/or carbohydrate
in every other lipid bilayer
which influences the rearrange-
ment of surfactant to form

TMS. The rearrangement of
lamellae of an MLB to form

TMS when exposed to the extra-
cellular environment is

probably due to "the chemical
nature of the lamellae and their
interaction with the new,
carbohydrate-rich alveolar
environment" (Stratton, 1977b).
The areas of protein and/or
carbohydrate may be the points
of rearrasngement (as pictured

or



€. Right angle configuration
of lamellae

7. Incomplete cross membranes

8. Quantitation

i
i

Figure 1 (from Morley et al.,

.1978)

Fig. 1 The molecular configuration of dry and wet surfactant. {

5. The dry surfactant has open ended layers from which moleciles

=an spread freely to an air/water interface. g, In water the suif-

lactant aggregates as a smectic mesophase and few moloenles
are {ree to reach the interface,

Dry surfactant

in Fig. Ge) or the area
tetwesn these points may be
the rearrzcngement points,

Lamellae were cbserved
forming right angles to each
other in the alveclar environ-
ment. Therefore, the re-
arrangenent from straight .
lamellae to the right angle
configuration seems probable,
[See Fig. 10 = this is
presuamably what Stration is
referring to).

vas observed and expected
1At excess lamellar material
£
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uld form incomplete (partial)

5

s rmembranes if this model
iz correct. (This point does
not appear to be strong
evidence for this particwlar
mOdel)c '

If alternating lamellae of
MLB's form cross nmembranes

in the TMS, then the expanded
and rearranged [MLB's of
surfactant should show half

as many membranes as horizontal
membranss. For examnls, a
MLB with 26 lamellae would
Torm a TMS area with 13
norizontal lamellae. (Unless
one could trace 2 MLB from its
intracellular to its extra-
cellular envireonmenyv, and
through rearrangement to

TMS, this is 2 difficult
concept to prove). Stratton
claimed to have observed this,
but it was not c¢lear how he
made this determination. It may
have been based on an average
nunbar of HLD membranes.
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the narrativa. A3 is noted in the table, not all of
arguments sppear to be strong - peints 1, 2, and 4
speak most cirgctly to the model and aprear to be m

convincing than the rest,
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In the preceding pages, 3iration's models for MLB
structure, and TMS structure and formation have been covered
in detail. However, one firal observation may be significant
when thinking of these models in the future. Morley and
co=-workers (1978) came up with a preoposal recently which,
to this author's knowledge, has not been considered in the
literature. They suggested that surfactant may exist in a
relatively dehydrated state (Morley et al., 1978) in the
I'LB of the type II alveolar cell. They demonstrated that
fully hydrated surfactant was less effective than dehyrated
surfactant in lowering the surface tension of saline, They
alsc found that less pressure was required to expand lungs
treated with dry lung surfactant than to expand untreated
lungs. Their contention is that dehydrated surfactant may
exist in bimolecular sheets which could donate lipid molecules
t¢ the surface of the alveoli faster than a hydrated liposomal
structure {see Figure 1 from llorley et al., 1978). The
hydrated surfactant would presumably have to overcome an
"unfavorable hydration barrier" before it could donate
molecules to the alveolar surface. They suggested that
treatment with dry lung surfactant may be more effective
than treatment of infants with RDS using the ineffective
surfactant component/water mist. The idea of surfactant
existing in the dehydrated state is possible, especially
because there is evidence for a limiting membrane surrounding
the MLB (Stratton, 1976a).

At this point, a2 few general comments on extracellular
surfactant nmodels will be given. This will be done in order
to give one an idea of how Stratton's ideas fit in or differ
from other points of view, One idea referred to in the
vrotein gsection was that specific SAM protein may be “presgent
in mosaic with phospholipid at the air-liquid interface"
{Colacicco, 1972 - from Sueishi et al., 1977). Sueishi et al.
(1977) feund that specific conjugate labeled the alveolar
linirg material throughcut and TS was surrounded by reaction
product. Thus, they concluded that specific protein may be
present in a "compact network" in which phospholipid {(in the
lattice square pattern) was interspersed. Another brief
concept was noted in the protein section by Xikkawa et al,
{1970) who proposed that MPS and 1ipid may form the alveolar
lining layer with MPS distributed along the alveclar plasma
nembrane and phospholipids randomly present in the pulmonary
fluid in the fetus, but toth components establish the surface film
with the onset of breathing. Finally, from the protein section,
recall the proposal of Frosolono et al. (1970) which involved
a protein network attached to the plasma rembranes cf type I
and II cells of the alveoli by interactions with carbohydrate
residues. At the air-phase side, phospholipids (of the lining
layer) would have their faity acid chains oriented toward
the air-phase. Fhospholipid was thought 4o be interspersed
in the protein network, and lipid was thought to exist in
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a liquid crystalline state between the air-phase and protein
network.

In a couple of reviewd, some models have been schematically
drawn to depict the synthesis and secretion of surfactant.
Tigure 11 (after King, 1974) shows the presence of tubular
myelin surfactant supposedly suspended in a fluid subphase.
The suspended aggregates of surface—active material may act
as "a reserve of surfactant that adsorbs to the air-liquid
interface and spreads there as an insoluble monomolecular
film of lipid (or duplex film of lipid and protein) when this
surface becomes partially depleted and requires replenishment"
(King, 1974). Goerke (1974) presented a somewhat similar
diagram in his review which suggested essentially the same
idea, that lamellar bodies are secreted into a fluid subphase
and become TMS which will somehow "spread as a monolayer at
the air/water interface." He also offerred the idea that
tubular nyelin figures may be surfactant which has been used
and "irreversibly desorbed from the air/water interface."
Farrell and Avery (1975) provided a2 diagram depicting a possible
arrangement of lipid and protein at the air-water interface
(see Figure 5 from Farrell and Avery (1975)). The preceding
diagrams and discussion should give one an idea of the types
of lipid=-protein arrangements proposed for surfactant.

Stratton's articles did not spesk directly to the surface
chemistyry and eventual contribution (if any) of material from
T8 to the surface of the air-fluid interface as proposed
above. They were more involved with structure as well as
mechanisms of MLB formation and the eventual rearrangement
of MLB's to form T!MS in the extracellular layer. However,
he did suggest that the surfactant material was made up of
TS and that the homogeneous appearing "hypophase'" may be due
largely to sectioning artifact. From Table 6 under the
description of the air-surfactant interface layer it appears
that membranes from the expanded and rearranged MLB's made up
this layer,

Several different interpretatvicons of how the gurfactant
nay be "structured" to carry out its proposed surface tension
lowering functicn have been proposeu as seen in the examples
avove. It seems probable that surfactant exists in different
states in the extracellular layer as pointed out by Stratton
{1977v) (see Table 6). The actual molecular arrangenent of
surfactant in its various states and the contribution of these
arrangenments to the surface chemigtry of extiracesllular alveclar
material remains a matter of speculation.



Figure 11.
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E. Surfactant Synthesis

Now that the composition and structure of surfactant
have been presented, this section will deal with synthesis
0of this material. This will mainly include a discussion
of phospholipid profiles and enzyme activities during development.
Material on the possible mechanisms of DPPC synthesis will
also be covered. Finally, the possible role of glucose
and glycogen in phospholipid synthesis will be discussed.

Before getting into the specifics of phospholipid synthesis,
it would be helpful to review some of the evidence for the
pathway of surfactant throuvgh type II cells. A few brief
comments will be made about a possible role of lamellar bodies
in surfactant synthesis, and about secretion of these bodies.

The pathway of surfactant synthesis and secretion is
outlined in Figure 12. The type II cell, scmetimes called
the granular pneumocyte or great alveolar cell (Stratton,
1976) is believed to be the site of surfactant synthesis.
Several lines of evidence point this out. Baranska and
Van Golde (1977) cited experiments which revealed that DPPC
is the predominant surface-active component of surfactant and
the main lipid of isolated lamellar bodies. Autoradiographic
studies have traced choline to the lamellar bodies of this
cell (Chevalier and Collet, 1972 - from Massaro and Massaro,
1976). This may mean that choline is incorporated into PC
of lamellar bodies. Goerke (1974) also cited references in
his review which show that preparaticns of isolated lamellar
bodies have surface activity. Additional morphological
evidence comes from the study of Sueishi et al. {1977) who
demonstrated the presence of a surfactant protein in crganelles
of type II cells and covering the alveolar surface (see protein
section). Morgan and Morgan (1973) cited studies which
showed that the appearancs of type II cells was accompanied
by an increase in lung phosphclipid and PC. They used some
¢f their own observations in the developing monkey lung to
show the presence of surface-active lipoprotein after the
appearance of type II cells. They cited additional evidence
for the production of surfactant by type II cells, and outlined
one of their studies which showed, among cther things, apparsnt
pilocarpine stimulation of DSZC secretion. Filccarpine
treatment has been associated with a decrease in, the rnumber
of lamellar bodies observed microscepically (Goldenburg
et al., 1967 - from Morgan ard Morgan, 1973). Trom the above
evidence it appears as though type II cells are indeed sites
of surfactant production. The following discussion will
attempt to show the involvement of the different cellular
organelles in this process.

It is apparent from several studies that both lipid and
protein of the surfactant complex are synthesized in the
endoplasmic reticulum. Additional details of lipid synthesis
will be discussed later., NMassaro and Massarc (1972 - from
Massaro and Massaro, 1976) found evidence to show that protein
is initially synthesized in the rough endoplasmic reticulum
(RER) and then transported to lamellar bodies. They pulse



Pigure 12. Pathway of Surfactant Through Type II Cell
Lipid + Protein Synthesized in ER

Lipid + Protein Packaged in Golgi
(Carbohydrate pribably added here)

Protein Included in MVB's
(Have not found any mention of lipid and CEC in MVB's)

!
Lipid + Protein + Carbohydrate
Assembled into Lamellae of MLB

MLB Secreted

Tubular Myelin Surfactant
Y T —

labeled rat lung slices with lé,E-Jﬁ]leucine. Immediately
after pulse labeling, most grains in the type II cell appeared
over the REX. After 4C minutes, fewer grains were found over
the RER and mere in lamellar bodies. The percentage of grains
over mitochondria and nuclei was essentially unchanged, and
the amount of radicactive protein in the lung tissue was
unchanged over this time period. They concluded that the
change in distribution of grains from 3IER %o lamellar bodies,
without a change in the specific activity of the protein of
the homogenate, was probably due to protein transport rather
than different synthetic rates at both sites.

Sueishi et al. (1977) (see protein section) also found
evidence for protein synthesis and transpeort. They labeled
Fab' fragments of ¥Y-globulin molecules with horse radish
peroxidase. These labeled antibody fragments were specific
for surfactant protein. They found the specific label over the
endoplasmic reticulum, Golgi complex, MVB's, and lamellar
bodies of type II cells in electron micrographs.

Chevalier and Collet (1972 - from Massaro and Massaro,
1976) demonstrated that lipid was apparsntly synthesized
in the RER before being transported to lamellar bedies,
They found that grains from radiocactive choline wére first
found over 2ER, then apparently "transferred through the
Golgi apparatus into lamellar bodies."

Two lines of evidence have been introduced to support
the hypcthesis that protein and lipid pass through the Golgil
on their way from the ER to the lamellar beodies. Sueishi
et al. (1977) found that labeled antibody fragments to surfactant
rotein were found over the Golgi complex, as well as the
ER, MVB's, and lamellar bodies of type II cells., Chevalier
and Collet (1972 - from Massaro and Massaro, 1976) demonstrated
the apparent transfer of lipid from RER, to the Gelgi apparatus,
and to the lamellar bodies. Chevalier and Collet (1972§
also demonstrated the involvement of the Golgl apparatus in
sugar, and protein transport. They traced the path of
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tritiated leucine through the Golgl "apparatus" and MVB's to
lamellar bodies., They also found that radioactive galactose
appeared first over the JCEFI apparatus, and then over the
lamellar bodies.

The involvement of MVB's in surfactant production has
been indicated. Sueishi et al. (1977) and Chevalier and
Collet (1972) noted their involvement in proitein iransport.
Sorokin (1967 - from 3tratton, 1976) hypothesized that protein
material is synthesized on chains of riboscmes attached to
membranes of the ER, then the protein material is released
into the cisternae of the ER. This material is thought to
migrate to the Golgi apparatus where it becomes packaged into
a vesicle. The pinched off vesicles then are incorporated
intc MVB's which may contribute to or become MLB's.

Stratton's (1976) work apa some work of Douglas et al. (1975)
supports the theory that MVB's may become MLB's (see discussio
on theories of MLB formation in structure section).

The accepted function of the multilamellar body is
that of the storage site for surfactant material in the type
II alveclar cell. Bensch et al. (1964 - from Massaro and
Massarc, 1376) discovered morphological evidence to suppors
this theory. They obtained electron micrographs showing
the apparent release of lamellar contents omtc the alveolar
surface. Askin and Xuhn (1971 - from Massaro and lMassaro, 197
found that radiocactive palmitate became incorporated into
lamellar lipids as indicated by the appearance of silver
grains concentrated over the MLE's. Recall that Chevalier and
Collet (1972) found apparent transport of radiocactive choline
labeled lipid from RER, to Golgi apparatus, and to the lamellsa
bodies.

As stated previously, prectein also appears in the
lamnellar bodies. Sueishi et 21. (1977) found labeled antibody
fragrents %o su*faotant prctein in the lamellar bodies in
electron micrographs. Nassaroc and Massaro (1972) found an
inerease in radioactive leucine label in lamellar Dbodies
40 minutes after pulse 1abellng. Chevalier and Collet (1972)
Tound apparent lipid ané carbohydrate moisties in lamellar
bocies as stated earlier The presence of labeled sugar
in lamellar bodies lndlcates the ooss;ble presence of glyoo-
proteins (Massaro and Massaro, 1976). Zikkawa et al. (1970)
found possible evidence for MPS in lamellar bedies.
Bhattacharyya et al. (1975) isolated 36,0CC and 62,0C0
molecular weight glycoproteins in both lamellar bodies and
lung wash material, owever, Cledzka=Slotwinska and Maisin
(1970) used Tho“ot“aSU stain and showed no staining of
inclusicn bodies of type II cells (see protein section).

From the above studies it arpears as ﬁhough protein and
ca:bohyd“ate naj be found in lamellar bodies as well as 1ipid.
(See evidence for type II cell as site of surfactant synthesis
for furtper references to lamellar bodies and indicaticns
that they are surfactant storags sites).
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synthesis. This 1s based on the presence of wariocus
phospholipid synthesizing enzymes asscociated with lamellar
bodies. However, there does not seem to be agreement between
investizators as to the presence or absence of phospholipid
synthzsis in lamellar bodies., It is difficult, at the present
level of understanding, to make definite conclusicns from the
data on this subject. Table 8 lists various enzymes which
may be involved in surfactant lipid synthesis along with
references for papers which have locked for their activity

in lamellar bodies.

Table 8.
e}
INZTME Reference
FPhospholipase A Heath and Jacobscn, 1276
Longmore et al.,, 197%
Garcia et al., 1976
Lyso=PC:lyso=-PC acyltransferase Bararska and Van Golde,
_ 1977
Lyso-PC acyltransierase Rarariska and Van Golde,
1977: Engle and Longmore,
1675 - froem Frosolono,
_ . 1977
Pilase Spitzer et al., 1975 - from
Mavis et al., 1978;
Johnston et a8l., 1978
Mavis et al., 1978
Phosphatidylglycerophosphate Johnston et al,, 1978
phosphohydrolase
Cholinephosrhetransferase Rooney et al., 1975
Barardska and Van Golde, 1977
Glycerolrhosphate Rooney et al., 1975 )
rhosphatidyltransferase

e e

Massaro and Massaro (1976) mentioned in their chapter
on synthesis, transport, and secretion of macromolecules
that some investigators suggested lamellar bodies were
actually rhagocytic vesicles. (This was also discussed in
the structure section with regard %o theories on MLEB
formation), They cited studies which disputed this theory.
The limiting penbrazne of the MLB's and apical plasma
membrane of type II cells appears to be different. ZXuhn
{1968 = from Massarc and Massaro, 1976) found that the
limiting membrane of lamellar bodies lacked the layer of
'fuzz' seen over the plasma membrane of type II cells, and
he found that the plasma membrane of the type II cells
contained alkaline phosphatase activity, but the ML3 limiting
membrane did not. The lack of 'fuzz' and alkaline phosphatase
activity in limiting membranes of the intraceilular lamellar
bodies as well as in lamellar bodies which "communicated
with the extracellular space," was noted. However, membranes
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of phagocytic vesicles would probably express enzyme activity
before becoming entirely "interiorized" (Massaro and Massaro,
1976). Massarc and Massaro (1976) also stated that the Golgi
apparatus, MVB's and lamellar bodies all exhibit similar
staining characteristics (i.e. all three organelles display
acid phosphatase presence). This suggests an intracellular
derivation (from Golgi apparatus) of MLB's (Massaro and
Massaro, 1976).

As noted in Figure 12, MLB's appear to be secreted
from type II cells. Both Ryan et al. (1975) and Stratton
(1977) have discussed lamellar body secretion. The work of
Ryan et al. (1975) supports the theory that lamellar bodies
are secreted by the process of meroccrine secretion. Investigators
have found electron micrographs in which the lamellar body
limiting membrane appears to be fused with the plasma membrane
of the type II cell, and the contents of the lamellar body
~appear to be extruded into the extracellular space. The
article by Massaro and Massaro (1976) cited above and an
article by Massaro (1975) discuss various factors which may
affect the secretory process. A study by Toung and Tiermey
(1972) also approached the subject of surfactant secretion.
These articles will not be covered here.

The blological half-life data of phosrholipids in lung
washk (see phospholipid composition section) and the degrading
forms of surfactant seen by 3tratton (1977) indicate that
surfactant is degraded and replenished. Goerke (1974) in his
review, cited means by which surfactant may leave adult
alveoli. They will be noted here, omitting references which
he cited for some of these ideas: 1) surfactant may flow up
the respiratory tree, as it apparently does in the fetus;

2) alveolar macrophages may remove it (recall Sueishi et al.
(1977) brought up this idea); 3) it may be removed by trans-
epithelial absorption; and/or 4) it may be degraded in situ

by enzymes. He cited other studies indicating that "desorption

of lung surfactant from the surface is an irreversible

process, " and that "degradation products of surfactant components"
may re-enter lumg tissue lipid and protein pools.

The following discussion will center on phospholipid
synthesis as related to surfactant., As has been shown,
lipid is the primary component of surfactant. The invclvement
of protein and carbohydrate as surfactant components will
not be covered in any more deétall than presented already.

Two of the major phospholipid eclasses found in surfactant
will be discussed at length in terms of their synthesis and
less atvtention will be given to the cthers. The synthesis
of PC and DPPC will be the first topic, followed by the
synthesis of FG. BErief attention will be givern other phosphc-
lipids.

Figure 12 shows two pathways by which PC can be synthesized,
and the vaths by which glycogen may contribute to FC formaticn
through phosphatidic acid (PA). PC appears to be the rost
thoroughly studied rhospholipid of surfactant, probably
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Figure 13,

2 Pathways of PC Synthesis
(Lehninger, 1976, pp. 672-673)

PE = phosphatidylethanolamine
SAM = S-adenosylmethionine
PAPase = phosphatidate phosphatase

(PE + (3)SAM-—2§EE~+PC + (3)S-adenosyl-)

homocysteine

MAJOR PATHWAY CF

D3 NOVO PC SYNTHESIS
IN ADULT AND FETAL
LUNG

PE + SAM Choline + ATP
Phosphatidylethanolamine Choline
methyltransferase (PEUT) kinase

\qs;adenosylhomocysteine NSADP
& N

Phosphatidyl-N-methylethanolanine Phosphocholine
SAIT //CTP
PEMT Phosphocholine=-

cytidylyltransferase
S-adenosylhomocysteine \\
: PRi
Phosphatidyl-li-dimethylethanolamine >
CDP=choline Phosphatidie
/,SAH acid
PLMT HEO
\gsnadenosylhomocysteine PAPése
Phospheocholine Pl
. transferase Diacyl-
glycerol

ClP

PC

The CDP-choline pathway is the
major pathway of PC synthesis
according to refs. cited by Farrell
(1977) and Oldenborg and Van Golde

(1976).

Weinhold (1968) demonstrated

the predominance of the CDP=-choline
pathway in adult and fetal lung
using labeled precursors.
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Figure 13. (Continued)

Glycogen
Blood Glycogen Glycogen Blood glucose
lycerol phosphorylase synthase (Gross, 1977)
Gross,
1977) Glucose
via | via glycolysis
glycolysis
sn-Glycerol 3-phosphoric Pyruvate
acid
co
Fatty acyl-CoA @ 2
“Prruvate
Glycerolphosphate dehydrogenase
acyltransferase complex =  Amino
(GPA) At acids
: ;‘ ‘ Acetyl-Co
CoA Fi W NFatty
& ’ P 4 Fatty acid acids
Lysophosphatidie acid synthetase
complex
Fatty acyl-CoA '
Fatty acids
ATP
GPA + ‘\\\
Com-oH Blood FA's
CoA (Grosa, 1977)

PA (Phosphatidic acid)

Documentation of Steps Outlined on this Page:

1) Sequence from sn-glycerol 3-phosphoric acid to diacylglycerol
(Lehninger, 1976, pg. 671 = on triacylglycerol formation).

2) L-glycerol 3-phosphate derived from dihydroxyacetone.
phosphate from glycolysis or from free glycerol formed by
degradation of triacylglycerols (Lehninger,1976, pg. 67C -
on triacylglycerol formation).

3) Acetyl-CoA is the "ultimate precursor" of the fatty acid
carbon atoms (Lehninger, 1976, pg. 660},

4) Fatty acid synthesis is catalyzed by the fatty acid synthetase
complex which uses malonyl-CoA derived from acetyl-Col
(Lehninger, 1976, pp. 660=661).

5) Activation of fatty acids toc form fatty acyl-CoA
(Lehninger, 1976, pg. 546 - on fatty acid oxidation).

6) Glucose to acetyl=CoA plus contribution of amino acids and
fatty acids to acetyl-CoA (Lehninger, 1976, pg. 445 - on
respiration flow sheet).

7) Pyruvate dehydrogenase complex catalyzes conversion to
acetyl-CoA (Lehninger, 1976, pg. 450 - on TCA cycle).

8) Glycogen synthetase and phosphorylase roles in synthesis
and brgakdown of glycogen, respectively (Lehninger, 1976, pp.
433=-436.
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due to its relatively high abundance in surfactant. The
following discussion will include a comparison of the PC
profiles during development and of the profiles for enzymes
involved in PC syntehsis. This will be broken down intoc
the different animal systems used.

Rooney and co=-workers (1976 ) found marked changes in
the PC content of lung wash as compared to lung tissue in the
developying rabbit. They followed the PC quantity in two
different ways - change in amount and change in percent of
total phospholipid (%phospholipid phosphorus). Using th
percent of total phospholipid is not a good indicator of
changes in synthesgis because such a change would be relative
to cahnges in other phospholipid amounts. As shown by the
percent of %otal phospholipid, PC jumped almost 40% from
27 to 31 days' gestation and approximately 13% between 31
days' gestation to 2 days after birth in lung wash. At
2 days after birth, PC comprised 81.5% of total lung wash
phospholipid. The amount of FC went from 2.6 %o 25.4 ug
phospholipid phosphorus/g lung dry wt. from 27 4o 31 days'
gestation, then jumped to 389 mg phospholipid phosphorus/g
lung dry wt. at 2 days after birth. This is a good indlcation
that PC synthesis was indeed increasing. In lung tissue,
there was only about a 129 increase in percent composition
of PC from 27 days' gestatiocn to 3! days' gestation. 2C
comprised about S50% of total lung tissue phospholipid at term
which was also the adult level of PC according to one of
their references. The amount of phospholipid in lung tissue
was much greater than that in lung wash, but the level of
PC changed very little in lung tissue compared to lung wash.
There was only a 2-fold increase in amount of lung tissue PC
from 27 days! gestation to 2 days after birth (went from
1.3 = 2.7 mg phospholipid phosphorus/g lung dry wt. during
this time - 2.5 mg phespholipid phosphorus%g lung dry wt. =
adult level).

Enzyme activities in the rabbit lung do not seem to
account For the prenatal rise in lung PC of lung wash or
lung tissue, but may account for postnatal increases in PC.
Choline kinase (CK) (measured in homogenate) does not appear
to play a role in increased PC synthesis because it showed
no significant change in activity from 21 days' gestation to
adult stage (Rooney et al., 1976 ). Cholinephosphate cytidyl-
transferase (CPCT) (measured in soluble homogenate fraction
may have been partially responsible for postnatal increases
in PC. CPCT activity decreased between 21 days' gestation and
term, but after birth it showed a sharp increase (Rooney et al.,
1976 ). This author could not find a profile on phosphatidate
hosvhatase (PiPase) for rabbit lung. Cholinephosphotransferase
%GPT (assayed in homogenate) activity may have also contributed
to the postnatal increase in PC. CPT activity decreased
between 19-31 days' zestation, then increased significantly
after birth (Rooney et al., 1976 ).

The rat lung system displayed some characteristics which

were similar +to the rabbit lung producticn of PC. During the
latter stages of prenatal and early postnatal development the
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rat lung also increased in PC content. Between 19 days'
gestation and the first postnatal day the rat lung PC showed

a large increase (Maniscalo et al., 1978; Ckano and Akino,
1978). Choline incorpeoration verified the apparent rise in

PC synthesis found by these authors who were looking at

amount and not percent of PC. The rate of choline incorporation
into lung lipids increased between 19 - 22 days' gestation
(last day measured) according to Weinhold (1968), and the rate of
choline incorporation into PC increased sharply from 20 days'
gestation to the first postnatal day according to Maniscalo

et al. (1978). Okano and Akino (1978) found that the rate of
glycerol incorporation into rat lung PC increased from 19

days' gestation to 2 days after birth. The rate of palmitoyl
lyso-~PC incorporation increased from 19 days' gestation to

1 day before birth (Okano and Akino, 1978). Weinhold (1968)

in trying to discern the major pathway of lung PC synthesis
found that incorporation of methionine into PC drapped

during late fetal development and levels were very low compared
t¢c choline incorporation at all stages of development studied.
Thus, the PE methylation pathway of PC synthesis appeared to

be minor compared to the CDP-choline pathway.

The increase in amount of rat lung PC seen by Ckano and
Akino (1978) was apparently due to increased PC synthesis as
indicated by the choline, glycercl, and palmitoyl lyso-PC
incorporation studies. Here again as in the rabbit studies,
there was apparently no enzyme activity which could account
for the prenatal rise in PC synthesis, but postnatal increases
could be accounted for. As was found in the rabbit, there
was little change in CK activity during late fetal and early
postnatal development (Maniscalo et al., 1978). The data of
Maniscalo et al. (1978) seen in Table IV from that paper
indicate that some significant peaks and drops do occur in
the last 5 fetal dayz. CPCT activity changed little in late
fetal development, but increased 5-fold after birth (Maniscalo
et al., 1978). This agrees with the increase in CPCT activity
seen in the rabbit, which may partially accelerate PC production
seen by Okano and Akino (1978). PAPase activity may also
contribute 4o the postnatal rise in rat lung PC. Maniscalo
et al. (1978) and Ravinuthala et al. (1978) found little
change in PAPase activity during late fetal development, but
obtained sharp increases in activity after birth. Contrary
to activity profiles in rabbit lung, CPT showed few developmental
changes in activity (Maniscalo et al., 1978) with no statisti-
cally significant rise in activity after birth.

This author has not found a phospholipid profile for
mouse lung PC during development. However, Oldenborg and
Van Golde (1977) have come up with some enzyme profiles which
were similar to those in the rat and rabbit. They found that
there was no significant change in activity during the last
4 days of gestaticn and only a very gradual drop in activity
during the first 3 postnatal days for CK. This agrees with
the results in rabbit and with the Maniscalo et al. (1978)
interpretation of their results in rat. CPCT in the cytosolic
fraction ¢f mouse lung increased sharply during the last 2
fetal days and reached a maximum at 1 day prior to birth, and
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Table IV {from Maniscalc et al., 1978)

- “TABLE IV o U
ACTIVITIES OF ENZYMES OF PHOSPHOLIPID SYNTHESIS IN FETAL, NEWBORN AND u\DlL'l.I‘
HAT LUNG

The data are the means = $.E. from the number of e¢xperiments indicated in parentheses.

Age pmal/min per mg protein ' ] amol/min per mg protein
(days)

Choline kinase  Cholinephosphate - 3 chouu--k ~ Phusphatidate phasphatase
cytidylyitransferase phosphotransicrase :

18 734 £ 93 (3} 264: 43(3) 468 : 533 C 8.5:0.3(D

19 901 + 30 (3) 227+ 27¢2) 8271 403 6.5 : 0.4 {3}

20 614 = 27(3) 276: 10¢3). -.588: 333 . 6.B: 10D

21 760 ¢ 24 (3) 433: 40(3)- - TIB: 89(I) 7.0 : 0.4 (3)

22 519 = 73 (3) 301: 13(3) . 679: 18(3) 8.6 : 0.6 (3) .
Fostnatai ' :

1 525 - 30 (4) 1017 =+ 45(3) 892 = 22 (4) 10,4 : 0.6 (4)

2 507 = 22 (4) 1506 : 123 (3) 738 ¢ 58 (4) 8.9 : 0.2 (4)

a 610 = 21 (4) 1512: 70(3)  © 601 = 83(d) - 10.2 = 0.8 (4)
Adult 660 = 31 (3) 684 = 45D 283 = 126 (3) 36 :03)

remained at that level until % days after birth (Oldenborg
and Van Golde, 1977). Microsomal CPCT gave a similar profile
to the cytosolic enzyme but the increase did not occur until
one day before birth (Oldenborg and Van Golde, 1977). In
the rat and rabbit studies the increase in CPCT activity did
not occur until after birth. This discrepancy may be due to
differences in developmental states of the lungs at birth

in different species. No PAPase profile was available, CPT
activity increased between 2 and 3 days before birth, and
reaked at 2 days before birth. After that CPT activity
dropped to a low at 1 day before birth, then gradually
increased (Oldenborg and Van Golde, 1977). This increase in
CPT may correspond tc the same increase in rabbit lung
development which occurred after birth.

From the above studies on the rat, rabbit, and mouse, it
is possible that 3 different enzymes of the CDP-choline
pathway of PC synthesis may be responsible for developmental
increases in PC content. In all 3 animal systems CPCT showed
a significant increase in activity during late fetal or
early postnatal development. This enzyme may be a regulatory
enzyme of this pathway. Although PAPase was not studied in all
three animal systems, it appeared that this enzyme may also
play a role in the regulation and/or synthesis of PC, CPT
activity has been a source of controversy in the literature
because apparently, some investigators used less than optimal
substrates to determine its activity. According to the rabbit
and mouse studies this enzyme may be involved in increases in
PC synthesis during late fetal and/or early postnatal development.
Maniscalc et al., (1978) had such a high standard error of the
mean for several of their data points that it was difficult
1o make solid conclusions unless one assumed there was little
statistically significant difference between activity at
different time points which was apparently what Maniscalo
et al. (1978) did.
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Phosphatidylcholine is a term which describes a multitude
of choline phosphoglycerides having various fatty acids
attached to the 1~ and 2-positions of the glycerol backbone.
In general, the 1-position contains a saturated fatty acid
while the 2-position contains an unsaturated fatty acid.
However, in the lung there is a unique amplification of the
disaturated species of PC - particularly the dipalmitoyl PC
species. TFigure 14 depicts two different pathways by which
a.disaturated molecule of FPC may be synthesized. Other
pathways or mechanisms which may account for the selective
production of dipalmitoyl PC will be presented later.

Before discussing the activity of different enzymes in
the production of disaturated PC (DSPC), evidence for an
increase in DSPC during development will be covered. Maniscalo
et al. (1978), using the rat, demonstrated a 100% increase in
pulmonary DSPC from days 19 to 22 of gestation with an additional
41% increase from term to the first postnatal day. DSPC
went from 37% to 46% of total PC between the 19th day of
gestaticn to the first postnatal day. Additional support for
the apparent increase in DSPC synthesis came from choline
incorporation studies. The pattern of choline incorporation
into DSPC followed the same pattern as incorporation into
total PC only it occurred at a much lower level. The rate
of choline incorporation into DSPC increased sharply
beginning at 20 days' gestation, then peaked on the first
postnatal day (Maniscalo et al., 1978). Funkhouser and
Hughes (1978) studied DSPC in two different lung states -
lung "homogenate" and lung organ culture. The rat lung
tissue was "disrupted in distilled water” with an ultrasonic
device, not truly homogenized in the sense of using a "pestle."
Lung "homogenate" from 15 to 20 day old fetal lungs showed
a gradual drop in DSPC expressed per mg DNA. From 20 to 22
days' gestation, there was a sharp amplification in DSPC
content (Funkhouser and Hughes, 1978). This is in agreement
with the findings of Maniscalo et al. (1978) who followed
DSPC: content and choline incorporation. The only difference
is that Maniscalo et al. (1978) noted an increase in DSFPC
content by 19 days' gestation rather than by day 20 (Funkhouser
and Hughes, 1978{. However, Maniscalo et al. (1978) saw
only an approximately 0.1 mg phosphorus/mg protein jump from
days 19 .to 20 and larger jumps (about 0.3 or more) later.

The pattern of DSPC accumulation in organ culture lungs was
identical to the in vivo lungs, but it took 1-2 days lcnger
to s?e 2 marked increase in vitro (Funkhouser and Hughes,
1973).

Az can be seen in Figure 14, there are two generally
cited mechanisms for DSPC synthesis. Phospholipase Az 1is
common to both mechanisms. Unfortunately, this author was
uflable to find a developmental prcfile for this enzyme.
However, developmental profileg were avallable for the tws
distinct enzymes of the two different pathways. Oldenborg
and Van Golde (1976) found that lyso-PC:lyso-PC acyltransferase
activity increased in the mouse between | and 2 days before
birth, with a peak at 1 day before tirth. Thus, there is
evidence for action of the transacylation pathway in



Figure 14. Formation of Disaturated PC

Phosphatidylcholine
(1-saturated, 2-unsaturated - usually found in nature)

[Deacylation-reacylatioﬁ]

[fransacylation]

Phospholipase A2 Phospholipase A2

FA
{-acyl=-2-l1lyso~PC l-acyl-2-1yso-PC
Caturated fatty 1=-acyl=2-
cyl-CoA lyso=PC
*{-acyl-2-1lysc~-PC acyltransferase Lysophosphatidylcholine:
lysophosphatidylcholine
acyltransferase
CoA
n=-glycerol-
3=phosphoryl-
choline
A 4
Disaturated 2C Disaturated PC

*Equivalent name: lysolecithin acyltransferase

developmental increases of DSFC. Lyso-PC acyltransferase

of the rabbit showed an overall increase in activity between
21 and 31 days' gestation and a continued increase in activity
after birth., There were two drops in activity at 28 and 31
days' gestation (Rooney et al., 1976 ). Therefore, in the
rabbit there was support for the deacylation-reacylation
pathway of increased DSPC synthesis. It is possible that
both pathways may contribute to the "remodelling" of PC to
form DSPC. On the other hand, Oldenborg and Van Golde (1976)
found that this enzyme did not show significant changes in
activity during development in mouse lung microsomes, and its
activity remained lower than lyso-PC:lyso-PC acyltransferase
throughout development.

Rooney et al. (1976 ) proposed that lysophosphatidic
acid acyltransferase may be involved in DSPC synthesis. They
found that its activity profile was similar to that of lyso-PC
acyltransferase -« with an overall increase in activity from
21=31 days' gestation including a drop in activity at 28 and
31 days' gestation, and continued increase after birth.
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Looking at Figure 13, one ¢an see that such an enzyme may
attach a saturated fatty acid at the 2-position of lysophospha-
tidic acid, thereby creating a disaturated phosphatidic acid
for use in the CDP=choline pathway. Such a mechanism would
negate the absolute dependence on a remodeling process of PC

to form DSPC. (However, there appears to be evidence that the
de novo CDP-choline pathway of PC synthesis mainly produces
{-saturated, 2-unsaturated PC's (Vereyken et al., 1972;

Moriya and Kanoh, 1974; Akino et al., 1971; Sarzala and Van
Golde, 1976 - from Longmore et al., 1979).

Because the discussion at this point has led into DSEC
synthesis, the possible mechanisms for DPPC synthesis will
be covered., General discussion of surfactant lipid synthesis
will continue after this digression. To this author's
knowledge, no other species of phospholipid or class of
phospholipids in surfactant has been characterized tc as
great an extent as PC or DPPC in the lung. The mechanisms
of FC and DPEC synthesis have been studied in greater detail
than other surfactant phospholipids, too.

The uniqueness of the DPPC molecule to the lung and
its apparent importance in conferring surface-active properties
to lung surfactant have led many investigators to probe for
a mechanism(s) of DPPC synthesis. Study of PC fatty acids
during development has revealed some selectivity in the
type and placement of fatty acids on PC. Palmitate appeared
to be a preferred fatty acid of lung PC during late development
which was consistent with increases in DPPC synthesis during
this time. Oldenborg and Van Golde (1976) found that palmitic
acid of PC in mouse lung homogenate shtwed a greater increase
than any other fatty acid from 4 days before birth to one day
after birth. During this time period there was a small
increase in palmitoleic acid and a decrease in oleic and
arachidonic acids (Oldenborg and Van Folde, 1976). Qkano
and Akino (1978) did extensive characterization of rat lung
homogenate PC. Similar to the findings of Oldenborg and
Van Golde (1976) palmitate made up the largest percentage of
PC fatty acid. There was a rapid riss in the level of palmitate
from 3 days before birth to the first postnatal day. Palmitic
acid was mainly found at the t-position of PC throughout the
latter stages of development. There was a rise in palmitate
at the 1=position from 4 days before birth %o the first
postnatal day. Palmitic acid was the main fatty acid at the
2-position of PC 2 days before birth through the first postnatal
day. There was an increase in palmitate at position 2 over
that time period. Oleic acid was just btelow plamitic acid in
percentage of PC fatty acid during the latter stages of
development. Oleate peaked 3 days before birth, then rapidly
decreased through the first postnatal day. This pattern was
similar to that cf oleate at position 2 of PC which peaked at
5 days before pirth then dropped rapidly through the first
postnatal day. This appears tc indicate possible hydrolysis
of unsaturated FA (oleate) from positicn 2 with replacement
by a saturated fatty acid (paslmitate). Coincident with the
drop in cleate after 3 days prior to term was a sharp rise in
the saturated class of P{ after the third day before birth.
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Okano and Akino (1978) found a drop in the tetraenoic class
of PC's from 4 days prior to birth until the final day before
birth, similar to the drop in arachidonic acid seen by
Oldenborg and Van Golde (1976). In general, Okano and Akino
(1978) found a drop in the unsaturated class of PC's and a
rise in the saturated class, during the latter stages of
development. The palmitoyl-oleoyl, dipalmitoyl, and palmitoyl-
palmitoleoyl species comprised most PC during late development.
The dipalmitoyl species of PC began to rise after the second
day prior to birth and peaked on the first postnatal day.
Incorporation studies using [2-H]glycerol and 1-[1-"C]J-
palmitoyl lyso-~PC into different PC classes (Okanoc and

Akino, 1978) showed that incorporation into the saturated
class occurred at a rate below the diene and tetraene

classes, respectively, for the different precursors. However,
the incorporation of palmitoyl lyso=PC into the saturated
class eventually obtained a higher rate than incorporation
into tetraenes. This may indicate a higher activity of
either the transacylation and/or deacylation-reacylation
pathways compared to the de novo pathway in DPPC synthesis.
Okano and Akino (1978) showed that glycerol incorporation into
the saturated class was highest at 4 days prior to birth
(first day sampled) then dropped to a level at 2 days prior

t0 birth which was maintained with little variation until

the second postnatal day (developmental sampling ended),
Incorporation of palmitoyl lyso-PC intoc the saturated class
increased greatly between 2 and 1 days before birth then
dropped less rapidly after birth. EHere again, developmental
increases in DPPC may be due more to remodeling of PC rather
than de novo synthesis.

The selectivity of lung PC synthesis for the dipalmitoyl
species may be accounted for in several different ways. No
mechanism for DPPC synthesis has been thoroughly tested or
accepted. The two mzin mechanisms of interest include the
deacylation-reacylation and deacylation-transacylation
theories mentioned earlier in the discussion on enzymes of
DPPC synthesis. This author will point out three additional
"mechanisms" which may play a role in DPPC synthesis. The
breakdown of these theories into a total of five different
types is admittedly artificial. Such a division is unlikely
in actual c¢ell processes. Other hypotheses may have been
made,. but. the information to follow should cover the
significant and some less important mechanisms of DPPC
synthesis.

Rather than discussing each of the proposed mechanisms
of DPPC synthesis in any detail, a table (Table 9) has been
constructed which lists these five possible mechanisms.

A brief description of each mechanism is also provided along
with references from which additional information may be
derived.

After that presentation of mechanisms for DPPC
synthesis, attention will now return to one other surfactant
phospholipid and its developmental profile. TFrom the
information in the lipid composition section it appears
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Table 9.
Mechanism

Proposed Mechanisms of DPPC Synthesis

References

De novo synthesis of DPPC -
De nove PC synthesis is
pictured in Figure 13. By
this mechanism, the PC's
formed wvia the CDP=-choline
rathyay would be dipalmitoyl
species, not requiring any
remodeling.

Frosolono, 1977
Oldenborg and Van Golde,
1976

Ravinuthala et al., 1978
Mavis et al., 1978

Deacylation=-reacylation =

(See Figure 14). By this
mechanism, a PC molecule having
a. palmitic acid at the 1-position
and "unsaturated FA at the 2=
position may have the unsaturated
FA replaced by a palmitoyl-CoA.

Rooney et al., 1976
Oldenborg and Van Golde,
1976

Tansey and Frosolono,

1975
Frosolono, 1977

Transacylation =-

(See Figure 14).

Using this mechanism, DPFC may
be formed. by the transfer of
palmitic acid from one lyso-PC
moleculs to another lyso-PC
molecule having palmitic acid
at the 1-position. ‘

Oldenborg and Van Golde,
1976

Frosolono, 1977

Okano and Akino, 1978

Direct exchange -

Direct exchange of the unsaturated
fatty acid at position 2 of
1-palmitoyl=2-unsaturated acyl-2C
with palmitate.

Longmore et al., 1979
Kyei=Aboagye et al.,
1973

Bihydrogenation =
Palritoyl-palmitoleoyl PC may serve
as a precursor to DPPC by
bihydrogenation with the onset of

breathing.
Note:

Okano and Akino, 1978

Multiple fatty acid pools may affect either the

transacylation and/or deacylation-reacylation

mechanisms
Jobe, 1979).

(Longmore et al., 1979; Frosolono, 1977;

as though PG comprised the second highest quantity of
phospholipid in lung wash and lamellar bodies, below that

of PC.

The percent lipid composition was considerably lower

than that of PC, but significantly higher than the other

phospholipids of surfactant.

Investigators have come to regard

thHig Iipid as a ‘good indicator of surfactant lipid synthesis
and have assigned it a prominent role in the surface-active

properties of surfactant.

PE and PI are next highest in

percent of total surfactant phospholipid according to the

information in the phospholipid section.

However, these lipid

profiles will not be discussed because -this author has not
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found a corresponding enzyme profile for them. A comparison
of where they fit in to the overall hierarchy of surfactant
phospholipids during development will be given later.

The developmental profile of PG for rabbit shows a
decrease in percent of total phospholipid in both lung wash
and tissue (see Figure 15 for outline of PG synthesis).

Lung wash showed a decrease from 29 days' gestation to the
second postnatal day. Lung tissue showed a decreass from

28 days' gestation to the first postnatal day, then increased
by the second postnatal day (Rooney et al., 1976 ). It should
be kept in mind that these decreases represented a relative
percent decrease, not necessarily a decrease in quantity.
Also in the rabbit, Hallman (1977) showed that both labeled
glycerol and palmitate were rapidly incorporated intc PG
from 30 days' gestation to the first postnatal day. Thus,

in the last 2 days of fetal development there appeared to be
an increase in PG synthesis. This correlated well with the
results of Okano and Akino (1978) who studied PG synthesis
in the rat lung. They found little change in PG from 4 - 2
days before birth, then it gradually increased after that,

up to adult levels by the second postnatal day. However
according to the results of Rooney et al. (1976 ), the
glycerolphosphate phosphatidyltranaferase (see Figure 15)
enzyme of the PG synthesis pathway actually decreased in
activity throughout the last third of fetal development

and first two days of postnatal development in the rabbit.

In the rat then, there is an apparent prenatal and early
postnatal increase in synthesis of PG (Okano and Akino,
1978). Also, there is apparent increased synthesis in

the rabbit PG fraction (Hallman, 1977). However, the

enzyme activity as demonstrated in the rabbit (Rooney et al.,
1976 ) cannot account for this. Hallman and Gluck (1977a -
from Rooney et al., 1976 ) found little change in this enzyme's
activity during fetal rabbit development, but the activity
of the microsomal enzyme increased significantly after birth
along with a rise in PG of alveolar wash and lamellar bodies
after birth.

It is possible that rat lungs require an earlier onset
of PG amplification than rabbits, due to species differences
in ltng development. Rabbit PG synthesis may remain
relatively constant or decrease during late fetal development,
then get "turned on" after birth when surfactant begins to
be used up and replaced. Rats may simply turn the process
on at an early stage in preparation for early postnatal
requirements for PG. Hallman and Gluck (1975b) and Kiyasu
et al. (1963) (both references from Hallman, 1977) contend
that the glycerolphosphate phosphatidyltransferase is the
rate limiting enzyme in PG synthesis. It may therefore be
helpful to look at the developmental profile of CDP-diacyl-
glycercl and 3esn-phosphatidyl-!'-sn-glycerol 3'-phosphoric
acid.as well as this enzyme's activity (see Figure 15) in
order to characterize FG synthesis controls more thoroughly.
(Presumably sn-glycerol-3-phosphate would be used greatly
in PC synthesis as well as PG synthesis and would thus be
more difficult to interpret as an indicator of PG synthesis
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Figure 15, Phosphatidylglycerol Synthesis
(Lehninger, 1976, pg. 675)

CDP=-diacylglycerol + sn-Glycerol-3-phosphate

Glycerolphosphate
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only).

Frosolono (1977) discussed the subject of PG metabolism
in his review. His material will not be covered here.
However, his review may contain helpful information for
the interested reader.

Hallman and Gluck (1975b), concluded that lung PG
appears to be synthesized in the endoplasmic reticulum.
They calculated total activity for PG synthesis in the
endoplasmic reticulum fraction, and its density "closely
corresponded to the peak of PG synthesis" from lung homogenate.
They concluded that "most extramitochondrial PG synthesis
is associated with the ER." In the lung, extramitochondrial
PG synthesis was as active as mitochondrial which has not
been found in other organ studies according to references
cited by Hallman and Gluck (1975b). Additional evidence
for their conclusions are as follows: 1) high PG synthetic
activity was found in the microsomal fraction, 2) PG
synthesizing activity in microsomal fractions obtained in
density gradient correlated well with choline phosphotransferase
and CDP=-diglyceride~inositol phosphatidyltransferase phospholipid
synthesizing activities considered to be located in micro-
somes (which rules out "contamination" with any activity
released by mitochondria during isolation), 3) the FA pattern
of PG from microsomes resembled that of lamellar bodies
bt differed from mitochondrial PG, 4) there was a lack of
cardiolipin synthesis in microsomes and lack of cardiolipin
in surfactant, and 5) they cited a developmental study which
has shown a correlation between microsomal activity for PG
synthesis and its concentration in surfactant; no correlation
between .PG synthesis in mitochondria and surfactant was found.
Therefore, most if not all surfactant PG is synthesized in the
ER and mitochondrial PG synthesis may serve as a cardioclipin
precursor (Hallman and Gluck, 1975b).

. Hallman and Gluck (1975b) cited several references
which demonstrated the significance of PG to surfactant.
The points which were made included that PG appears to be
tightly bound to surfactant apoprotein, and it appears to
be highly surface-active. Also, there is a lack of PG in
surfactant phospholipids from newborns with RDS.

Up to this point in the discussion of surfactant
synthesis several points have been demonstrated. The relation-
ship between PC, DPPC, and PG synthesis and their respective
enzyme activities have been covered. Several mechanisms for
DPPC synthesis have been presented. It appears as though
most, if not all surfactant phospholipid synthesis occurs in
the lung microsomal fraction. More work needs to be done
in order to firmly establish type II cell microsomes as the
gite of surfactant phospholipid synthesis. Thus, the
origin and characteristics of the significant surfactant
phospholipids has been covered.

Developmental profiles which include some of the less
abundant surfactant phospholipids should be considered.
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Weinhold and Villee (1965) performed studies on rat lung
slices and came up with the relative order of phospholipid
synthesis to follow, over a period of 19 to 22 days' gestation.
Just looking at the amount of phospholipid, they found:
PC>PE)PI>PS>SP, but by day 22 of gestation PI’PS. They also
followed 72P incorporation into lung phospholipids over the
same prenatal period. They followed the hierarchy relative
to the rate of *?P incorporation and found: PC>> PIDFE’SP)PS,
but by 22 days' gestation PS’SP>PE. It should be noted that
32P incorporation into an unknown phospholipid was seen at

22 days' gestation, and ‘the unknown was second highest in
?2P incorporation at day 22 of gestation and in the adult.
This unknown phospholipid may be PG due to the fact that it
had the second highest rate of %P incorporation and the time
2t which it appeared.

‘To end this discussion on phospholipid synthesis, the

- . possible role of carbohydrate in lipid synthesis will be

resented. According to a review-type article by Gross

1977) "glycogen is probably a major source of carbohydrate
(CHQ) substrate for phosphatidylcholine (PC) synthesis in
the alveolar type II cell." There is no biochemical proof
for this, but much evidence to indicate this claim. Glycogen
of the terminal airway cells increases during sarly fetal
life as seen in morphological studies. As the type II cells
mature, there appears to be a decrease in glycogen content
as the production of lamellar bedies begins (Kikkawa et al.,
1971 = from Gross, 1977). The glycogen also tended to be
"located in close proximity to the lamellar bodies." Gross
(1977) cited references which showed that administration of
cortisol or thyroxin resulted in an increase in lamellar
bodies which was associated with a decrease in type II cell
glycogen. From this he (Gross, 1977) proposed that the
breakdown of glycogen provides substrate for phospholipid
synthesis in the developing type II cell. :

Glucose may be derived from glycogen breakdown or from
blood circulation and used in type II cell PC synthesis
(Gross, 1977). It may form acetyl-CoA for use in FA synthesis
(see Figure 13). It may be converted into glycerol-3-phosphate
(see Figure 13). Mims and co-workers (1975 - from Gross, 1977)
demonstrated that circulating glycerol is rapidly incorporated
into lung PC and both the glucose and glycerol pools appeared
to be "interchangeable." Felts (1965 - from Gross, 1977)
showed that the lack of glucose in the medium somehow caused
lung' slices to oxidize acetate to COz, but if glucose was
present, the acetate was used in phospholipid synthesis.

Other pnutritional and hormonal effects noted by Gross (1977)
were covered in the section on hormones and other agents.
Gross (1977) noted in his review that in the presence of
insulin, lung explants contained more glycogen and fewer
lamellar bodies than controls. Also, insulin "antagonizes"
the ."glucocorticoid-induced stimulation" of fetal lung PC
synthesis (Smith et 2l., 1975 - from Gross, 1977). Thus,
processes which cause storage of glycogen reveal its apparent
importance in surfactant synthesis (i.e. lack of glucose
decreases lipid synthesis).
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Maniscalo et al. (1978) studied possible correlations
between lung glycogen content and lipid synthesis. TFrom
days 17 to 20 of rat lung gestation, there was a rise in
glycogen content. After the peak on the 20th prenatal day,
there was a drop until 1 day after birth after which time the

lycogen content appeared to level out. @Glycogen synthase I
%the active form of glycogen synthase) increased in activity
by 2-fold from day 17-18 of gestation until day 21 of gestation.
Following that, its activity was relatively constant. They
found an increase in both the inactive and active forms of
glycogen synthase during prenatal lung glycogen accumulation.
Glycogen phosphorylase a ?the active form of the enzyme)
activity began to rise on day 20 of gestation and peaked at
22 days' gestation. After birth, this enzyme's activity
dropped. There appeared to be a correlation between the
prenatal increase in activity of glycogen phosphorylase a
and the prenatal drop in lung glycogen content.

Total phospholipid, including PC and DPPC increased
from day 19 of gestation through the first postnatal day
(Maniscalo et al., 1978). Thus, the increase in phospholipid
content shortly preceded the prenatal drop in glycogen content
and increase in glycogen phosphorylase a activity. Glycogen
content continued to drop until the first postnatal day
which was when phospholiplid synthesis began slowing down.
By day 21 of gestation, continuing through the first
postnatal day there was a sharp rise in choline incorporation
into PC and DPPC. Here again it is shown that when glycogen
content began to decrease, phospholipid synthesis increased.

Maniscalo and co-workers (1978) suggested three different
ways in which glucose may contribute to phospholipid synthesis.
(1§ It may be incorporated mainly into PC of lung phospholipid
as a precursor of the glyceride-glycerol moiety and FA
components of phospholipids., They cited references showing
that most incorporation is through the glyceride-glycerol
moiety, and cited another reference which indicates that
triose phosphate intermediates of glycolysis are probably
the precursors of the glyceride-glycerol component of PC.

(2) Oxidation of glucose 6-phosphate by the hexose mono-
phosphate (pentose phosphate) pathway may be a source of
NADPH for use in de povo fatty acid synthesis. (Note that
they found a sharp postnatal decline in this pathway in rat
lung, but could not determine the significance of its
developmental pattern). (3) Oxidation of glucose 6-phosphate
from fetal stores of lung glycogen may provide energy for
phospholipid synthesis and cell differentiation. They stated
that glucose plays an important role in PC synthesis of the
adult lung and is likely to do so in the fetus.

It appears as though glucose may be a vital component
in the synthesis of surfactant phospholipid. The review of
Gross (1977) and evidence from the Maniscalo et al. (1978)
study supports this view.
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IV. CELLULAR ASPECTS

Throughout most of this report, a rather obvious need
for detailed studies using isolated populations of type II
cells has been revealed. Much of the information obtained
on the surfactant system of the lung has come from studies
on lung homogenate and lung wash, with the exception of
microscopic studies on intaet lung tissue. Morphological
and autoradiographic studies point to the alveolar type II
cell as the site of surfactant synthesis (see synthesis
section). Biochemical studies using hormones or other
neurochumoral agents combined with microscopic observation
contributes to this theory, also (see section on hormones
and . other agents). Isolated fractions of lung lamellar
bodies (presumably from type II cells) have similarities
between their phospholipid composition and that of surfactant
(see synthesis section). Thus, the evidence for the type II
cell as the site of pulmonary surfactant production has been
established, but relatively few studies have been performed
on isolated populations of these cells until recently.

In 1974, Kikkawa and Yoneda (from Mason et al,, 1977a)
published the first method for isclating type II alveolar
epithelial cells from the rest of lung cells. According
to data presented by Weibel et al. (1976) the type II
epithelial cells comprise 14.1% of lung cells. Type I cells
make up 8.3% of the lung cell population, and endothelial
and interstitial cells make up 39.0% and 38.6%, respectively.
Sorokin (1970 - from Mason et al., 1977a) has reported that
the lung is comprised of over 40 different cell types.
Recognition of lung cell diversity has stimulated a prolifera-
tion of studies on isolated type II cells. Investigators
have employed the principles of Kikkawa and Yoneda (1974)
with some modifications (Mason et al., 1977a).

Because the type II cell appears to be the site of
surfactant production, moat of the discussion in this
section will deal with studies on this cell., However, the
presence of other cells in the alveoli (and in other areas
of the lung) should not be ignored. In an attempt to gain
some perspective on where type II cells "fit" into the
alveoli, the development of alveoli will be briefly covered.
The presence and significance of one other alveolar cell
type in the lung will also be included.

Light and electron microscopic examination reveals that
the lung is perfectly designed for its task = that of oxygen
uptake and CO2 release by the blocod. Exquisite electron
micrographs using thin section, scanning, and freeze-fracture
techniques (Weibel et al., 1976) reveal the very thin
epithelial barrier between the alveolar space and capillary
lumen (see Figure 1 in Weibel et al. (1976)).

In the next few pages, alveolar development as reviewed
by Williams (1977) will be outlined. Some discussicn on
these as well as other lung cells will be covered.
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Williams (1977) reviewed the development of rat lung
alveoli from 15 days' gestatiocn to 21 days (22 days = term).
Only the main points of her paper will be repeated here.

On day 15 of gestation, the "undifferentiated epithelial
cell" was observed. According to the review (Williams, 1977),
this cell is thought to be a stem cell whose daughter cells
"differentiate into at least 12 different epithelial cell
types prior to birth." This stem cell "is an elongated
columnar cell" with'a large oval or pleomorphic nucleus
and a prominent nucleolus." The lateral membranes of the cell
are flattened with "few interdigitating processes." The
apical surface has few microvilli with fine filaments,
and the basal surface is smoothly curved. The primitive
epithelium sits on a continuous basement membrane which
generally adheres closely to the basal surface. Unbound
riboscomes and glycogen granules filled much of the cytoplasm.
"RER containing a dense homogeneous material™ are occasionally
found throughout the cell, and small amounts of SER are found
throughaut the cell., The Golgi apparatus is apically located
and is made up of three to four flattened cisternae, often
with "large and small coated vesicles, and associated small
smooth-surfaced vesicles." Membrane-bound granules which were
originally found in the basolateral margins of some cells
contained dense material believed to be protein, are found
to contain lysosomal enzymes at later stages of development.
Golgi cisternae and RER are also shown to have lysosomal
enzymes @t later gestational stages. Microtubules, apically~
located microfilaments, and mitochondria are also present
in this cell,

The presumptive alveolar cell underwent few changes in
its organelles from 195-19 days. From days 15-19 of gestation,
there was a significant accumulation of glycogen in the
epithelial cells which underwent a twofold increase per cell
from 17-19 days' gestation. &Enough glycogen was packed
into dense pools located above and below the nucleus to
"displace other cell organelles toward the cell margins."

On day 16, ciliogenesis had apparently begun due to the
presence of fibrogranular deposits in airway cells. Adjacent
cells still lacked characteristic paracrystalline granules
and abundant SER of the Clara cells, but had domed apexes.

By day 19 of gestation, significant changes occur in
the alveolar cell. The appearance of MLB's apparently
signals the onset of type II cell differentiation. There
is some evidence that type II cell enzymes are present prior
to day 19, but type II cells cannot be positively identified
until lamellar bodies appear. Figure 16 outlines the proposed
events leading up to mature MLB formation as noted by
Williams (1977). These agree in some ways with the MVB
precursor theory given in the structure section. As
phospholipid-rich lamellae increased, glycogen deposits
decreased., By day 21, the level of glycogen per cell
approached the value at day 17, and continued to drop post-
natally. There was a marked increase in saturated PC per cell
concomitant with glycogen decrease and formation of lamellar

=99~



bodies. Earlier differentiation stimulated by glucocorticoids
and repair of alveolar epithelium after damage by N-nitroso-
Nemethylurethane are associated with glycogen loss and rapid
accunmulation of phospholipid.

According to one reference cited by Williams (1977),
lamellar bodies were secreted and may have an acid-phosphatase
reactive core delimited by innermost lamellae, within 24
hours after the onset of MLBE assembly. Studies show that
many secreted MLB's were converted to TMS. The presence
of particles may play a role in TMS assembly as indicated
by information from Williams (1977). Particle-free lamellar
body membranes were continuous with TMS membranes by means
of transition membranes, Both the transition and TMS membranes
were coated with particles.

By day 21 of gestation, many type II cells have acquired
structural characteristics like those of the adult. The
mature type II cell has a cell volume of about 300 umw’

(Weibel et al., 1976) as well as readily observed lamellar

bodies. Other characteristics of mature type II cells

include 18-24% of the cytoplasmic volume occupied by lamellar

bodies, and a diameter of 0.73 - 1.09 am in mice and an average

?f 1.;fnn in rats (according to references cited by Williams
1977) ).

Tinally, Williams (1977) made comparisons between
keratinocyte and type II cell secretory bodies, and
discussed the transition of type II cells to type I (squamous)
alveoler cells. Her (Williams, 1977) brief discussion on
the keratinocyte will not be covered in this report. However,
gome points which were made on the transition of type II
to type I cells will be included with other studies later on.
On days. 20-21 type II cells differentiate. "According to
Weibel et al. (1976), there are fewer type I cells in the
rat lung cell population than type II, endothelial, or
interstitial cells, but they occupy meore volume than each
of these other cell types.

Fi 16. __

Membrane-~bound dense basal granules present at day 15 shown
to contain lysosomal enzymes later in gestation

Trilaminate lamellae (phospholipid bilayers) appear in dense
basal granules

MVB's (may have lysosomal enzymes + phospholipid vesicles)
appear to fuse with the granules, possibly adding phospholipid
to the enlarging granule. )Origin of MVB's in lung and other

Williams (1977) also discussed the development of the
epithelial and endothelial diffusion barriers. However,
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this will be left to the reader to pick up from her paper
if interested. It is not idrectly pertinent to this report
on the surfactant system.

Now that the development of alveoclar structure has been
covered, the following discussion will concentrate on two
epithelial cell types found in alveoli. The type I and type
Ig7g%veolar epithelial cells are unique to the lung (Sorokin,
1 *

Type I and type II cells form the epithelial lining
of alveoli. In the comparison ¢f the abundance of type I,
type 11, endothelial, and interstitial cells, recall that
type I cells were least plentiful (Weibel et al., 1976).
However, the average volume of this cell was around 2-35 times
that of the other cell types compared (Weibel et al., 1976).
Perhaps the most significant feature of the type I cell
was its mean luminal surface area. It was 4003 um~ compared
to 69 um* and 995 mm? for the type II and endothelial cells,
respectively (Weibel et al., 1976). Thus, the appearance
of the alveolar epithelium was that of a layer of flattened
type)I cells with type II cells interspersed (Evans et al.,
1 975 L J

The type I cell does not appear to be a simple squamous
cell., It is a complex branched cell, and each branch can
form an 'apical' "cytoplasmic plate on either side of the
alveolar septum" (Weibel, 1971 - from Weibel et al., 1976).
Weibel et al. (1976) stated that their morphometric data
indicated that as many as five or more cytoplasmic plates
may be commonly formed by one type I cell. They also suggested
that species differences undoubtedly exist. .

Weibel and co-workers (1976) brought up the main advantages
and disadvantages of the unique branched structure of the
type I cell. OCne plus was that the distance between the
metabolic region (nuclear region) of the cell and the
"peripheral cytoplasmic flaps becomes shorter," which may
be important because the flaps have very few organelles.
New branches of existing type I cells may be able to repair
small defects in the epithelial lining. A disadvantage of
this structure may be that it seems to limit the cell's
ability to divide (Weibel, 1974 - from Weibel et al., 1976).
Evans et al. (1975) and Adamson and Bowden (1975) have
demonstrated the inability of this cell to undergo mitocsis.
Type I cells appear to originate from type II cells during
normal development (Adamson and Bowden, 1975) and after
damage to the cells (Evans et al., 1975). Bachofen and Weibel
(1974 - from Weibel et al., 1976) observed that damage to
the type I cell flaps was generally followed by "proliferation
of type II cells in form of a cubocidal lining of alveoli."
These type II cells presumably form type I cells which will
again form attenuated branches of the air-blood barrier.
Williams (1977) noted that the type I cell contained little
RER and Golgi apparatus, few mitochondria, and lysosomes in
the perinuclear region, but many pinocytic vesicles in the
thin cytoplasmic plates. She (Williasms, 1977) also noted
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that the mature type I cell is not believed to be able to
form lamellar bodies or produce surfactant, but an article
wag cited which suggested it may perform "transepithelial
- movement of substrates" in its pinoecytic vesicles.

Evans and co-workers (1975) used NO; to damage adult
rat lungs in order to observe if there was transformation of
type II to type I cells after type II cell proliferation.
In this study, rats were exposed to NOz for 48 hours, then
injected with H-TdR, and sacrificed at various time intervals.
Autoradiography was then performed with fixed lung tissue
slices to determine which cells were dividing and what cell
types resulted from the division.

In general, they found "areas of cuboidal epithelium
near the peripheral openings of the termiral bronchiocles."
After three days of recovery, tissues had returned to normal
and remained S0 up to 14 days after exposure to NOz:. Labeled
cells were found throughout the sections, but more were
positioned near openings of the terminal bronchicles.

One hour after label injection, about 87% of the labeled
cells were type II cells, around 11% undetermined cells, and
0.8% type I cells. By the first day after injection, about
60% of the labeled cells were tyve II cells (a 27% decrease),
about 36% were undetermined cells (a 25% increase), and
around 4% were type I cells (an approximately 3% increase).
By the third day after injection, about 30% of the labeled
cells were type I cells (a marked increase). The undetermined
cells had dropped off to about 15%, and the type II cells
had dropped to 55%. The percentages of labeled cell types
changed little over the period from 3-14 days. Undetermined
cells could not be identified as definitely type I or type II
cells.

Labeled type II cells were similar in appearance at all
time intervals. Labeled type I cells had a few inclusion
bodies and irregular cell surfaces at 2 and 3 days after
exposure, but appeared to be normal after that time. The
undetermined cells tended to be cuboidal and rested on the
basement membrane. These cells did have some inclusions
(not typical of lamellar bodies) and microvilli, similar to
the type I cell observations at two and three days. Most
undetermined. cells were similar to type II cells, and a
small number appeared to be spreading over the basement
pembrane like type I cells. Thus, whether the undetermined
cell was a type I, type 1II, or intermediate between these
cells was nct known.

The labeling pattern and morphological observations
indicated that type I cells were derived from type II cells.
Along with the decrease in labeled type II cells was an increase
in labeled undetermined cells. As the percentage of labeled
undetermined cells dropped, there was an increase in labeled
type 1 cells, Thus, the label progressed from the type II
cells,. through the undetermined population, and into the
type I cell. They (Evans et al.,, 1975) proposed that the
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process of transformation from type Il cell to type I cell
began hefore the end of the first day after exposure because
the percentage of type II cells decreased then remained
about the same from 1-14 days.

Not all type II "sister cells" were transformed into
type I cells. "If each dividing type II cell contributed one
sigster cell to the type I cell population and the other
remained as a type II cell, the percentage of labeled type
II cells after three days (when labeled type I cells appear)
would be about one~half of the one~hour value, and the type I
cells would increase by a like amount." The decrease in
labeled type II cells was less than 50%, resulting in a net
increase in the type II cell population following NGO, exposure.
This also showed that not all type II "sister cells" were
transformed into type 1 c¢cells.

Evans and co-workers (1975) suggested that the undetermined
cells were intermediate forms in the transformation of type II
to type I cells. The passage of label through this pepulation
and decrease in label concomitant with an increase in labeled
type I cells indicates an intermediate role. Also, the
presence of electron-dense inclusions similar to those observed
in labeled type I cells at two and three days after NO,
exposure points to this conclusion. Other articles backing
up this point were also cited,.

Finally, Evans et al., (1975) concluded that the time
required for type II to type I cell transformation was about
two days under their conditions., There was a rapid increase
in the percentage of labeled type I cells between one and
two days after exposure to NOq , and little change in percentage
after that.

Adamson and Bowden (1975) also concluded that the type I
epithelial cell was derived from the type II alveolar
epithelial cell, Their study was done with developing rat
lungs rather than adult lungs. Pregnant rats were injected
with JH-thymidine two hours before being sacrificed. They
were sacrificed on each day from 18 days' gestation to term
(22 days). Thus, they were following the normal proliferation
of lung cells during development.

On day 18 of gestation, the lung showed tubular structure,
and the alveoli were lined by only cuboidal cells. These
cells contained large amounts of glycogen, few organelles,
and no lamellar bodies, This was similar to the observations
of Williams (1977) on the 15 day old lung cells. By day 19
there were no significant changes in morphology of the cells,
and it appeared as though epithelial cells were predominantly
labeled. Endothelial and interstitial cells were also
labeled, but bronchi and bronchicle lining cells rarely
inocorporated the label. At 20 days of gestation, the glycogen
content had decreased and lamellar bodies were seen in
alveolar epithelium. By day 21, there was some evidence of
surfactant secretion, and almost all of the cuboidal epithelial
cells were classed as type II based on the presence of lamellar
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bodies. Electron microscopy alsc revealed the presence of
"intermediate cells" in the epithelium which contained glycogen
and microvilli, plus those cells "were attenuated as they
stretched over the capillaries." (Note that Williams (1977)
found type I cells containing "residual dense and lamellar
bodies" in 21 day fetal rat lungs). The labeling pattern

had changed by days 21 and 22. The interstitial cells were
predominantly labeled, and label incorporation into epithelial
cells was markedly reduced. At day 22, alveoli appeared %o

be larger, and type I cells were often observed covering

new capillaries. No cell divisions were geen in the type I
cells, nor was there much thymidine label found in these

cells. After birth, there was little incorporaticn of label
into epithelium and much more incorporation into the endothelial
and interstitial cells. The epithelial composition after

birth resembled that of the adult lung.

The percentage of labeled pulmonary cells (excluding
the bronchial epithelium) was highest at day 18 of gestation
{the first time point observed), then continued to fall
until day 22 at which time it leveled out somewhat. Iwelve
vercent of the cells were labeled on day 18 of gestation and
around three percent were labeled at term. From day 18 of
gestation until term, the percentage of labeled cells which
were cuboidal epithelium went from 39.2% to 9.9%. The
squamous (type I) epithelium made up only about one percent
of the labeled cells from day 21 of gestation through 10
days after birth. The percentage of labeled cells which
were endothelial and interstitial increased overall from
day 18 of gestation through term. They also found that
only 2.8% of the type I cells incorporated label in the 22
day fetal lung and one day newborn even though the number
of these cells was rapidly increasing at that time.

One of thé conclusions which Adamson and Bowden (1975)
made was that mitosis seemed to drop off as differentiation
began. The greatest amount ¢f mitotic activity occurred in
the cuboidal lining cells of the alveoli, but when labeling
of the epithelial cells dropped, the type II and type I cells
began to be recognized.

They also concluded that the type I cell was derived
from the type II cell. This was based on the finding that
these cells appeared at a time when maximal mitosis had
ceased in the epithelium. The low percentage of label taken
up by these cells was further evidence. Also, the presence
of intermediate cells between type II and type I at the time
of type I cell initial appearance added to support of this
theory. Some of these same and similar observations were
made by Evans et al. (1975). The observation that intermediate
cell types were present when no type I cells were present
indicates that the direction of transformation is from
IT to I.

Adamson and Bowden (1975) suggested that the type I
cell incorporation of label may not have been due to mitosis
of these cells. They did not observe any mitotic figures in
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this cell type. Also, "not all cells that incorporate thymidine
actually divide." A differentiated cell may produce 'working
copies' "of its genes as metabolic DNA" after its last

division (Pele, 1972 - from Adamson and Bowden, 1975).
Therefore, thymidine incorporation may not have been due to
mitosis in these cells,

It was also proposed that type I cell formation was
"influenced by the development of the capillary system."
The appearance of type I cells from 21 days gestation on waa
coineident with increased labeling of capillary endothelium,
"Bulging" of new capillaries into the alveoli may play a
role in the transformation of type II cells to the attenuated
type I cells covering the capillaries.

In summary, the type I cell appears to have a structure
suited to its apparent role as an air-blood barrier. It has
thin cytoplasmic branches covering capillaries in the alveoli.
Thege branches seem to be devoild of most organelles, except
for pinocytic vesiecles. The mature type I cell does not
appear to play a role in surfactant secretion because it
lacks lamellar bodies. The type I cell is apparently formed
by transformation of a type II cell during late gestational
development and following injury to lung tissue. Normal
development of this cell may be under the influence of
capillary growth in some way. These cells do not appear
to have any mitotic activity of their own. Intermediate
forms of the transforming type II-type I cell have been
tentatively identified.

In a review by Mason et al., (1977a) different pieces of
evidence for the type 1II cell as the site of surfactant
synthesis and secretion were given. References given by
them will not be cited here. The evidence includes:

1) rapid incorpcration of lipid precursors by type II cells
in vivc and in vitro; 2) DSPC and PG is synthesized by
isolated type II cells; 3) apoproteins of surfactant are
found in isolated type II cells; 4) DSPC is secreted by
isolated type II cells jin vitro; 5) lamellar bodies contain
surface-active material and MLB's appear in fetal type II
cells just before increases of SAM occur in fetal alveolar
fluid.

The type II cell of alveolar epithelium is the primary
cell of interest in this report. It is the main site of
pulmonary surfactant production and secretion as shown
earlier in this paper. Not only does this cell secrete
surfactant which keeps the alveoli from collapsing, but it
appears to be the stem cell from which type I cells are
formed. Three other possible functions of this cell are
presented by Mason et al. (1977a) in their short review.
Type II cells probably become more resistant to some lung
injuries after an initial injury. They (Mason et al.
(1977a) cited studies in which hyperplasia of type II cells
and a change in several enzyme activities in lung homogenate
acconpanied resistance of some animals to further injury
after an initial exposure to sublethal doses of oxygen or
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ozone. Secondly, the secretion of enzymes by type II cells

was mentioned. Studies were cited in which lysosomal

enzymes in lamellar bodies and possibly PAPase were secreted
along with MLB lipids. It was postulated that these enzymes
played a role in clearing substances from the alveolar surface or
possibly alter other lung cell. functions, Finally, they suggested
that type Il cells may regulate the electrolyte composition

of the alveolar subphase (the thin agqueous layer between

the epithelial cells and the surface film). A study was

cited in which frog lung alveolar epithelial cells similar

to mammalisn type II cells were believed to "secrete chloride
against an electrochemical gradient." Possibly mammalian

type II cells "secrete or selectively resorb different
electrolytes”" (Mason et al., 1977a).

This discussion will focus on isolation of type II cells
and studies on these isolated populations (with emphasis on
their lipid synthetic capabilities). A number of different
isolation techniques have been developed as well as a number
of different culfure methods. Mason et al. (1977a) described
the main elements of their isclation procedures piectured in
Figure 17. In an earlier paper, Mason et al, (1975) deascribed
the isolation of type Il cells using the basic technique
seen in Figure 17. At that time they (Mason et al., 1975)
reported that the fluorescent compound phosphine 3R would
cause the "lamellar inclusions of unfixed type II cells in
suspension to fluoresce intensely" thus® allowing them to be
differentiated from other cell typres. However, macrophages
from newborn lambs and dogs could not be distinguished from
type II cells using this stain or the commonly used Papanicolaou
stain for light microscopy (Mason et al., 1975). Electron
microscopy was required for further identification.

In a later paper, Mason et al. (1977b) performed basically
the same isolation procedure as previously described (Mason
et al., 1975), only they went into more detail. They obtained
the same basic results with their phosphine 3R stain and
modified Papanicolaou stain., Electron micrographs of
isolated type II cells revealed that lamellar bodies were
well preserved but there were areas of dilated endoplasmic
reticulum and cytoplasmic vacuoles. Also, most subcellular
organelles were well preserved., Mason and co-workers (1977b)
determined that yield and purity of type II cell fractions
varied between rats which were raised under different
conditions. The yield from pathogen=-free rats was significantly
greater than the yield from other rats. "Purity between the
three types of rats compared, varied from 60-67% type II cells
in isolated fractions. Unit gravity velocity sedimentation
(separation based on size) of their isolated fractions was
successful in purifying the type II cell fraction. The
purest fraction obtained using this method was 89% type II
cells. However, these purified fractions were not used for
biochemical measurements due to the low yield. They did not
use differential adherence in primary culture in this
experiment which probably would have increased their purity,
but the experiment was on isolated, not cultured cells.
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Tigure 17. Method of Type II Cell Isoclaticn
(Mason et al., 19772

Comnon elements to all isolation methods:

1) Timited digestion of lung with crude or crystalline
trypsin

2) Increasing density of phagocytic cells with particles
such as barium sulfate or emulsions of fluorocarbon

_ or mineral 0il

3 Furification of type II cells from the mixed population
c¢f dispersed cells by density, size, or adherence as
examples.,

Their method:

Anesthetize and anticcagulate rats with
pentobarbital and heparin

Lavage and perfuse lungs with buffer
lacking calcium and magnesium

Remove intact lungs

Instill emulsion of fluorocarbon and albumin
down the trachea, incub%te lungs for 2C min.
at 37°C
(Increases density of phagocytes)

Unincorporated emzlaion removed by endobronchial
lavage; trypsin instilled and lungs incubated
another 20 min, at 37°C; digestion terminated
with soybean trypsin inhibiter

Lungs are minced and pieces shaken in reciprecating
water bath to disverse cells; cell suspension filtered,
then lavered over 1.040 and 1.08C discontinuous

albumin gradient and centrifuged

el CELL  DERRIS

émcfm"%mon
i HEAVIER cBLLs +
d;umwozsfm: " PLUCROCARBON

Tyre II cell enriched fraction suspended in
Dulbecco's modified Eagles' medium + 10% FCS + gentamicin

and incubated for 3hrs. during which time some
macrophaﬁes adhere

Nonadherent cells removed and incubated for 20 hrs.
during which time most type II cells adhere;
nonadherent cells (mostly lymphocytes and damaged cells)
are removed

Metabolism and composition of isolated type II cells
and isclated macrophages were compared by Mason et al, (1977b).
Oxygen consumption, glucose utilization, and lactate
production were much less in the type II cell when results
were expressed in nmole/10%cells/hour. Addition of succinate
stimulated O; consumption, indicating that mitochondria of
the type II cells had “ready access to substrates in the
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medium" due to cellular damage (possibly increased permeability
of the plasma membrane). They suggested that decreased
glucose utilization compared to 0z consumption by type II
cells may have been due to the use of "endogenous substrates
of fatty acids in the medium, rather than glucose," and/or
trypsin may have impaired glucose cxidation. Type II cells
(70% pure) contained significantly greater amounts of phospho-
lipid and DSPC than did macrophages. The macrophages contained
a2 little over twice as much protein as the type II cells.

They (Mason et al., 1977b) also found that type II cells could
synthesize DSPC from choline, palmitate, glycerol, and acetate.
Table 1 from the review by Mason et al. (1977b) provides an
overall comparison between the phospholipid composition of
isolated type II cells, surfactant, and lung. This table
shows that type II cells, freshly isolated or in culture,
contain relatively large amounts of PC, PG, and PE. Table

2 from the same review shows the incorporation of acetate

and glycerol into the various phospholipids of cultured

type II cells. The highest level of acetate and glycerol
incorporation was into PC, followed by PG. Over 85% of the
incorporated glycerol was found in the "backbone" of the
phospholipids and over 85% of the incorporated acetate was
found in the acyl portion of the lipids. They (Mason et al.,
1977a) cited a study in which a decrease in the percentage

of palmitate incorporated in DSPC and PC was associated with

a “"decrease in the number of inclusion bodies in the cells
with time in culture."” Batenburg et al. (1978) also studied
precursor incorporation into PC of primary type II epithelial
cultures. Labeled acetate, palmitate, choline, glycerol,

and glucose were all shown to be incorporated into PC
containing a high percentage of DSPC by 97% pure type II

cells in monolayer culture. The studies performed using

these precursors were useful in establishing the normal FC
synthetic pattern in these isolated cells for comparisons

with other studies, and in deciphering the "normal" as opposed
tc altered activity of these cells.

In additional studies cited by Mason et al. (1977a),
secretion of DSPC by type II cells in primary culture were
discussed. Accarding to their results, phorbol myristate
acetate and the c¢alcium ionophore A23187 were found to increase
DSPC secretion over basal levels., The effectoof phorbol
myristate acetate was blocked completely at 4°C, and inhibited
by 25% with colchicine and vinblastine. This indicated the
need for intact microtubules for secretion by these cells
and possibly energy (due to low temp. inhibition). (However,
secretion in type II cells prepared with trypsin had not been
stimulated by any physiologic compounds at that time).

In 1977, Diglio and Kikkawa published what they claimed
was the "first report to document accurately the fate of
isolated type Il cells under monolayer culture conditions."
One of the main findings of their morphological study was
that primary type 1I cell cultures could be maintained from
3 to 5 days. After that time the cells deteriorated and lost
phenotypic properties. They also found that fetal calf serum
was necessary to supplement the media for optimal attachment
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Table 1. (from Mascn et al., 1977a)
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Table 2. (from Mason et al., 1977a)

TABLE 2. Lipid synthesis in cultured type It cells
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of the type II cells. They hypothesized that the loss in
rhenotypic character of cultured type II cells may have been
due to their transformation into type I cells. It was
interesting to note that macrophages could not spread out
after adhering to the plastic culture dish, and eventually
lost their ability to adhere and never divided under the
culture conditions used. Conditioned medium was necessary
to obtain "actively dividing macrophages."

The three stages of morphological transition which



Diglio and Kikkawa (1977) described for these cultured cells
will be briefly described here. First, the viable type II
cells adhered to the culture vessel and had a similar
appearance to type II cells of the intaect lung during the
first 48 hours. Second, from 48 hours to five days the
"type II cells actively divided to achieve confluence.”

A number of morphological changes took place during this
stage which included an increase in the number of MVB's and
MLB's with vesicles, an increase in "smooth small vesicles”
and Golgi complex, and a decrease in the number of lamellar
bodies. Third, from 5 to 10 days in culture the type II
cells lost their phenotypic character. There was a decrease
in Golgi apparatus, MVB's, and MLB's, and an increase in
cell volume.

These studies on freshly isolated and cultured type II
cell populations have established that type II cells in vitro
retain many of the same characteristics of type II cells in
vivo. Many of these studies have served to establish the
normal behavior of these cells in vitro. With the ground
work laid, future studies may employ different hormonal
agents as well as other agents in order to derive an in vitre
model of surfactant synthesis and secretory regulation.

Two other types of studies on type II cells will be
discussed here. Other methods not covered in this section may
be called for and briefly described in the proposed research
part of this report. Douglas and Teel (1976) have reported
an "organotypic" in vitro model system for studying type II
cell surfactant production. Cell lines derived from adenomas
of the lung and lung adencmas themselves have served as
models for in vitro type II cell study, also.

The organotypic in vitro model system used by Douglas
and Teel (1976) did nct involve a purified population of
type II cells, but the structures formed were primarily
composed of type II cells. In their experiment, 19 day
fetal rat lungs were minced, then treated with a mixture of
collagenase, trypsin, and chicken serum. The cell suspension
was supplemented with "fetal bovine serum," filtered, pelleted
and resuspended twice, then 50 ml of the cell suspension were
placed on a gelatin sponge disc. After attachment of the
cells to the sponge, F12K medium was added to the culture
disc. The F12K medium was supplemented with fetal bovine
serum, penicillin G, kanamycin, and amphoteriecin. Light
and electron microscopy were then used to follow the changes
in these cell cultures.

During the first hour after being placed on the discs,
the cells attached to the gelatin matrix, "but remained in
a monocdisperse state." By two days of incubation, the cells
had reorganized into alveolar-like structures. They were
able to maintain these alveolar-like structures for up to
six weeks in culture. Cells which made up these structures
contained inclusions which had the appearance of osmiophilic
lamellar bodies in type II cells of the intact lung. The
osmiophilic lamellar bodies also appeared in the lumen of the
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alveolar-like structure, presumably released from the cells
making up that structure. Microvilli were present on the
apical surface of these cells and intercellular junctional
complexes were formed, mainly in the apical regions. Inter-
digitating folds were also found between cells in the alveolar~
like structures. Tubuwlar myelin figures were also seen in
the lumen of the alveoclar-like structures. The morphological
observations above indicate that the cells making up the

in vitro alveolar-structure are type Il cells. Additional
evidence for this conclusion is that cells of the 19 day
fetal rat lung do not contain osmiophilic lamellar bodies.
Thus, the lamellar bodies observed in their study must have
developed in vitro (Douglas and Teel, 1976).

Two additional experimental conditions were tested with
this system. During the preparation of cells for addition to
the sponge matrix, the cell pellet was incubated for one
hour with the supernatant after the second centrifugation.
Following this step, the pellet was resuspended and added to
the gelatin sponge. Cycloheximide or actinomycin D added to
the incubating pellet supernatant material blocked formation
of the alveolar-like structures when the cells were added to
the matrix. Douglas and Teel (1976) suggested that these
protein synthesis inhibitors blocked the resynthesis of membrane
receptors which were disrupted during enzyme treatment.

They cited a study by Hausman and Moscone (1973) showing
that embryonic "cells use plasma membrane receptors" in
reaggregation.

%nother study with this system showed an 80-fold increase
in ?H choline incorporation into PC with the sponge matrix
cultures compared to WI-38 cells plated at the same initial
concentration. Therefore, they had preliminary evidence that
the cells of the zlveolar-like structures were very active

in PC synthesis.

Due to the relatively long life of these cultures,
they may be extremely valuable in studying the factors
regulating surfactant production and secretion (Douglas and
Teel, 1976). Comparing the results of this system with
observations made by Williams (1977) on the normal rat lung
alveolar development reveal some similarities, especially
in the 19 day fetal lung. However, her observations place
the onset of lamellar body appearance at this day, but
Douglas and Teel (1976) suggest it occurs later. One thing
which puzzles this author is the lack of type I cells in the
sponge matrix system after prolonged incubation. Perhaps 4
the stimulus for type II cell surfactant synthesis is different
from that causing these cells to become type I cells, thus
type II cells produced surfactant but were not transformed.
The agent causing type II cells to differentiate further by
producing surfactant may have entered the cell before it was
removed from its in vivo environment, but the signal for
transformation into a type I cell may not have been received
by that time. This is all highly speculative and it assumes
that an external stimulus is necessary for these cellular
changes, It also assumes that type I1 cells are the source
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of type I cells. If such an extermal stimulus for type II
cell surfactant production is required, it is quite possible
that the fetal calf serum may have contained the hormone(s)
or other agent providing the stimulus., Another possibility
is that the type II cell becomes "committed" at a certain
point in development to continue through a2 certain pattern of
development implying a directly genetic control rather than
hormonal or a combination of hormonal and genetic control.

In addition to the organotypic culture of lung cells,
cell lines from adenomas, adenomas themselves, and a clonal
line of cells have been used as model systems for the study
of type II cells. Cell line A549 is a continuous, transformed
cell line "derived from a human adenocarcinoma of the lung"
(Shapire et al., 1978; Smith, 1977). It retains the morpho-
logical character of the type II alveolar cell, and has some
characteristics which suggest it may retain some of the same
functions as the type II cell (Shapiro et al., 1978; Smith,
1977). Urethane induced adenomas as a whole tissue also
retain some characteristic functions of the type II cell
(Wykle et al., 1977). A clonal cell line (L-2§ derived from
type II cells is useful in that it retains morphological
features of the type II cell for as many as six passages
(Douglas and Kaighn, 1974 - from Smith, 1977; Douglas et
al,, 1976). It also has some biochemical characteristics of
the type II cell.

A few additional characteristics of the clonal (L=2)
cell line will be covered, then the A549 cell line and
urethane induced adenoma will be discussed. The L=-2 cells
appear to be able to actively produce PC in vitro (Douglas
et al., 1976). According to Douglas et al, (1976), monoclayer
cultures derived from the L-2 clcones "retain the following
differentiated characteristics of type II pneumonocytes of
intact lung: the presence of osmiophilie lamellar bodies,
the presence of surfactante-associated esterase patterns,
the biosynthesis of PC via the same pathway utilized in whole
lung, the presence of glucocorticeid receptor sites and the
presence of peroxisomes.,”

Smith (1977) has studied a variety of characteristics of
the cell line A549., His main goal was to observe saturated
PC syntheseis and secretion in this cell line. Shapiro et al.
(1978) performed a study with similar aims only using some
different conditions. Briefly, Smith (1977) observed that
when cell growth ceased, the percent of [Hlcholine incorporated
into saturated PC was the highest. (FCS was removed from
the culture 48 hours prior to cessation of cellular growth).

A similar result was obtained for the percent of saturated
unlabeled (endogenous) PC when the rate of cell growth ceased.
Smith (1977) suggested that during the period of cell '
proliferation, unsaturated PC was greater than saturated PC
synthesis due to 2z need for structural components. As cell
growth slowed down, the PC synthesized was "diverted" to

the highly disaturated gool(s) of surfactant phospholipid.
Using [YH|choline and [¥C]S-adenosyl-L-methionine, Smith
(1977) found that PC was synthesized mainly by the CDP-choline
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pathway in these cells because no ¢ was found in either

the total or saturated PC fractions. The falf-life of labeled,
disaturated PC in this cell culture was around 100 hours,
which was about 10-fold longer than the in vivo half-life.

The corticosteroids, cortisol and cortisone, were tested

for their effect on saturated PC synthesis. Cortisocl stimulated
saturated PC synthesis to a "modest" extent. This effect was
inhibited by 11-deoxycortisol ("an antiglucocorticoid").
Cortisone did not stimulate saturated PC synthesis. It was
demonstrated that these cells were not able to convert the
inactive cortisone to its active, cortisol form. Finally,
Smith studied secretory activity of these cells, Acetylcholine,
carbachol, and isoproterenol each stimulated secretion

of labeled, saturated PC. Atropine inhibited the effects of
acetylcholine and carbachol, Propanolol blocked the effect

of isoproterenocl. Thus, "cholinergic (acetylcholine and
carbachol) and adrenergic (isoproterenocl) agents directly
stimulate release of saturated PC" by the cell line. In
cortisol pretreated cells, the effects of acetylcholine and
isoproterenol on secretion were enhanced. Atropine still
blocked the effects of acetylcholine, and propanolol blocked
the effects of isoproterencl in the cortisol "primed" cells.

- Shapiro and co-workers (1978) used high cell density
cultures ("considered to be the most differentiated or mature"
cultures) of A549 cells in most of their studies. At this
atage, the number of lamellar bodies in the cells was maximal.
They cited a previous study which showed that type II cells
isolated from adult rabbit lungs contained a much greater
percentage of disaturated PC than the A549 cell line,

Lamellar bodies were removed from these cells, and it was
determined that they were significantly enriched for DSPC
compared to cellular phospholipids (see Table 10 for a '
comparison). This evidence may infer that the A549 cell line
has retained the mechanisms for surfactant production.

Shapiro et al. (1978) found that the phase of culture
development had an effect on the DSPC content as did Smith
(1977). They observed an increase in the percentage of

DSPC in the cell culture as it increased in density. They
found 45% of the PC was disaturated in the "mature culture."

Shapiro et al. (1978) used the calcium ionophore (A23187)
to study secretion in this cell system. Recall that Mason
et al. (1977a) reported an increase in DSPC secretion by
type II primary cultures treated with this same ionophore
and phorbol myristate acetate. Shapiro and associates (1978)
found that the calcium ionophore stimulated a 9-fold increase
in PC (46% of which was disaturated) secretion. EDTA blocked
the stimulation by the ionophore indicating calcium dependence.

To determine whether or not the PC and DSPC synthesis
by the A549 cells was unigue to that cell system, Shapiro
and co-workers (1978) used the mouse fibroblast cell line
(B82). The B82 cell line was grown under identical culture
conditions to the A549 cells. The mouse cell line produced
more PC than the A549 cell line, and both cell types synthesized
approximately equal percentages of DSPC. This indicated that
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Table 10. (Shapiro et al., 1978)

Lipid Origin % PC of total phospholipid | % DSPC total PC
Type II cells 48% 50%

(rabbit)

A549 cells 41% 16%
Lamellar bodies 56% 39%

of A549 cells

the lipid content and composition of the A549 cell line may
not greatly differ from other cell types grown under the same
or similar culture conditions. However, even though these
cells (A549) did not contain large amounts of DSPC, the

amount of DSPC is higher than in other tissues (Mason, 1973 -
from Shapiro et al., 1978). Two things which appeared to
distinguish these cells from other cells in terms of lipids
were the enrichment of lamellar bodies for surfactant phospho=
lipids and the inducement of the A549 cells to secrete large
amounts of PC which was 46% disaturated.

Both of the above studies on the A549 cell line indicate
that this may be a good model system for studying surfactant
production and secretion. These investigations demonstrated
active PC and especially DSPC synthesis at maturity, the
presence of lamellar bodies enriched for PC, and response
to some of the stimuli of secretion used in lung type II
cell studies. However, Smith (1977) and Shapiro et al. (1978)
emphasized the need for a comparison of their results with
other systems such as freshly isolated type II cells and
other lung cells cultured under similar conditions to determine
the usefulness of this genetically different cell line for
type II cell study.

Wykle et al. (1977) studied the synthesis of DPPC synthesis
in whole adenomas from the lungs of mice which appeared to
be almost entirely made up of type Il cells. They cited
studies which have already demonstrated that whole adenomas
synthesize DPPC, contain lamellar bodies, have active lipid
metabolism, have levels of FA synthase and acetyl=CoA carboxylase
much higher than in normal lung, and have "key enzymes of
lipid synthesis" which appear to be regulated by diet in the
same way as their normal counterparts.

Wykle and associates (1977) followed the incorporation
of labeled glycerol, palmitate, and acetate inte PC of lung
type II cell adenomas. Over a four hour time period the
incorporation of glycercl inte the saturated and monoene
molecular species of PC increased around 10% and decreased
in the more highly unsaturated species. Fifty-five percent
of the total lipid activity was in the PC fraction and 24%
of this activity was DSPC.

A multi-labeled glycerol precursor was used to determine
the role of glycerol and dihydroxyacetone phosphate (DHAP)
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in selection towards saturated and unsaturated species of PC.
They found that DPPC was not selectively formed by the DHAP
or sn-glycero=-3-phosphate pathways.

Labeled acetate and palmitate were traced into the PC
fraction after incorporation. Seventy-one percent of the
total acetate activity was found in PC, which was 65-73%
disaturated. Ninty-four percent of the acetate label in
FA's was found in the disaturated species and 90% of the Fi's
labeled with acetate were in palmitate. Of the total EFC
labeled with palmitate, 63% was disaturated.

In order to determine which pathway of DSPC synthesis
was used (i.e. transacylation, deacylation-reacylation, etc.)
the positional distribution of labeled acetate and palmitate
was followed in the adenoma and lung minces. In the adenomas
and minced lung preparations, the majority of acetate and
palmitate labels were found in the 2-position of DSPC. They
concluded that these results were best explained by the
deacylation-reacylation mechanism. With transacylation or
de novo mechanisms one would presumably expect equal labeling
of the 1- and 2-positions.

This type of culture (whole adenoma) may be a valid
model for type II cell study, but the same cautions mentioned
earlier should be exercised in drawing conclusions from this
genetically dissimilar (from the type II cell) tissue. Some
labeling similarities were found between the adenomas and
minced lung.

This section has served to focus on the type II cell and
its relationship to other cells in the alveoli. Model systems
for study of this cell have also been discussed. The proposed
research section of this paper will focus on some areas of
in vitro study involving some of these same model systems.
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V. INFLUENCE OF HORMONES AggsgggER FACTORS ON THE SURFACTANT

The previous material presented in this report has
outlined the basic components of the surfactant system, its
structure, synthesis, and relation to the type II cell.

The discussion given here provides examples of attempts

to manipulate this system in order to determine how it may

be regulated. Corticosteroids have been the most thoroughly
tested class of agents, and discussion of this hormone class
will comprise the bulk of the material in this section.

This class of agents, above all others, appears to have the
most dramatic overall effect on lung development and
particularly on alveclar maturation and surfactant secretion.
A parasympathomimetic agent (Merck, 1968), pilocarpine, has
also been used alone and in combination with hydrocortisone

(a synthetic corticosteroid), to test its effect on surfactant
secretion and alveolar development. Thyroxine influences on
surfactant secretion and alveolar development have been
studied. Conflicting results have been obtained from thyroxine
studies, and in some corticosteroid studies. The effects of
insulin, a protein hormone, have been tested. Also,
aminophylline, an agent which inhibits cAMP phosphodiesterase,
and dibutyryl cAMP itself have been studied for their
influence on lung development. Prostaglandin metabolism

in the lung has been investigated, and scientists have

made attempts to correlate events in prostaglandin biosynthesis
or catabolism with events in lung development. TFinally,
nutritional influences on lung development have been studied.
This approach most nearly follows the in vivo state of
development, but it is less susceptible to finely controlled
biochemical analysis.

In this section, each of the agents mentioned above
will be discussed mainly with reference to their role in
alveolar maturation and surfactant secretion. Only brief
attention will te given to the biochemistry of these agents
themselves,

Corticosteroids have been the most thoroughly tested
agent with respect to their role or effects on alveolar
development and surfactant secretion. These hormones are
derived from cholesterol as are the other major classes of
steroid hormones (see Figure 18 after Stryer, 1975).

It was not until the late 1960's and early 1970's that
investigators began to show that the fetal lung was a possible
target tissue for corticosteroids (Liggins, 1969; Kotas et al.,
1971 « from Farrell, 1977). Recent research in this area has
led to clinical trials in the antenatal treatment of premature
infants with positive results. However, the studies utilizing
this hormone have been restricted mainly to smaller mammals
such as mice, rats, rabbits, sheep, and monkeys.

In his review, Farrell (1977) stated that there were
three basic approaches to the study of glucocorticoid effects
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Pigure 18. (after Stryer, 1975)
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on lung development = anatomical, physiological, and biochemical.
The anatomical effects of glucocorticoids are: 1) increased
potential air space (Farrell, 1977; Rooney et 2l., 1975;
Kauffman, 1977b; Farrell and Avery, 1975) by attenuation of
alveolar cells, narrowing of septae, and greater alveolariza-
tion (Farrell, 1977); 2) increased numbers of type II alveolar
cells (Farrell, 19775; %) inhibition of lung cell proliferation
(Adamson and Bowden, 1975; Kauffman, 1975; O'Hare and Townes,
1970; Carson et al., 1973 = from XKauffman, 1977b) including

a decrease in the number of pulmonary epithelial cells
(Kauffman, 1977b); and 4) increase in the proportion of
epithelial cells containing osmiophilic¢ inclusion bodies
(OIB's) (presumptive type II cells) (Kauffman, 1977b). These
effects are of course age dependent (Smith et al., 1974 =-

from Kauffman, 1977b) and dose dependent (Kauffman, 1977b).

There are three basic physioclogic effects of glucocorticoid
administration on lung maturation. They are: 1) greater
distensibility (Farrell, 1977); 2) greater deflation stability
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(Kotas et al,, 1971; Kotas and Avery, 1971 = from Farrell,
1977); and 3) "an earlier appearance of surface active material
(SAM;“ (Farrell, 1977). Kotas et al. (1971; Kotas and Avery,
1971) have demonstrated that rabbit fetal lungs which are
treated with glucocorticoid at 24 days of development show
greater deflation stability at day 27 than control lungs at
the same day. The percent volume remaining at 10 cm pressure
(%#V,0 ) i3 more than 2-fold greater in the lungs of the 27

day steroid treated animal, as compared to the 27 day control
(Farrell, 1977). Kauffman (1977a) has also shown that there
was a greater volume density of air space (Vva) in fetal mouse
lungs exposed transplacentally to dexamethasone. With

doses which were not high enough to inhibit body and lung
weight, it was shown that dexamethasone accelerated the
development of fetal lung air space. She demonstrated a
linear increase in Vva with increasing doses, from 170% of
control with 0.4 ug/gm to a 530% increase in fetuses exposed
to 1.5 ng/gm of hormone (for fetuses 18 days old). It is
important to note that this linear increase was seen for
fetuses of greater gestational age. The fetuses sacrificed
on day 17 with body weights in the 600 = 650 mg range did not
show such a large response to dexamethasone treatment.
Kauffman (19772) also found that there appeared to be a
maximum Vva at each gestational age tested.

Also, among Kauffman's (1977a) observations is the fact
that the mesenchymal component of the lung appears to be more
sensitive to hormone treatment than the epithelial component.
She found that lower doses of dexamethasone were required
to stimulate increases in the Vva of 17 and 18 day old mice
than %0 cause an increase in the number of OIB's., She also
found that fetuses exposed to 1.6 ug/gm dexamethasone showed
significant increases in Vva within 14 hours, but no significant
change in the proportion of cells containing OIB's. Thus,
the earliest effect of transplacental dexamethascne treatment
was an increase in Vva. Normally, canal formation and
epithelial maturation proceed at the same time (Kauffman,
19773}, but Kikkawa and Motoyama (1973 - from Kauffman,
1977a) showed that development of these two components was
not inseparable. Kauffman (1977a) suggested that the faster
maturation of canal formation, as compared to epithelial
development, may be due to the possibility that mesenchymal
cells contain a greater number of corticosteroid receptors.
The presence of hormone receptors in lung tissue cells will
be discussed later. '

Corticosteroids also influence the biochemical development
of lung tissues. Rooney et al. (1976) have shown that the
total phospholipid from lung lavage in fetal rabbits treated
with cortisol was T70% greater than the amount found in control
littermates. TFollowing administration of cortisol, the PC
concentration more than doubled. The composition of lung
wash was also altered by cortisol treatment (see Table I
from Rooney et al., 1976). The PC to SP ratio went from 1.2
in control fetuses to 2.1 in treated. However, they found that
cortisol administration had no effect on the content or
composition of lung tissue phospholipid. This contrasts
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Table I (from Rooney et al., 1976)

" TABLE1

- PHOSPHOLIPID CONTENT AND COMPOSITION OF LUNG LAVAGE FROM CORTISOL-TREATED
' FETAL RABBITS AND THEIR CONTROL LITTERMATES

! The fetuses were injected with cortisol or 0.9% NaCl at 25 days' gestation and delivered at 27 days, as de-
. seribed in Materials and Methods. The data are the means (+5.E.) from 4 experiments, in each of which
. fetuses from 5 litters were pooled. Statistical analysis was by paired { test. N.S., not signilicant.

Control Cortisol- Treated/ P
treuted control
Phospholipid content
(ug phospholipid phosphorus/
£ lung dry wt.) .
Total phospholipid 1566 £1.7 25,626 17201 <0.02
Phosphatidylcholine 5508 12.0*1.3 2302 <0.056
Composition
(% phospholipid phosphorus)
Phosphatidylcholine 346221 47,0 1.9 1400 <0.00%
Phosphatidyiethancl-
amine 9.0 0.7 7.22 05 08£0,1 N.S.
Sphingomyelin 30.0£1.1 22.4109 ___.0T:00 <0.005
Phosphatidylinositol +
phosphatidyiserine 10.7 £ 1.0 105114 1.0£0.1 _ N.S.
Phosphatidylglycerol 2.7£0.2 1.9:0.1 0.7 £ 0.0 <0.005
Lysobisphosphatidic acid 3.4 £0.7 28:05 0.8:00 <0.05%
Lysophosphatidylcholing 97+03 82:03 08200 <0.001
Phosphatidylcholine/

sphingomyelin ratio 1.2% 0.1 21101 18201 <0.005

Lo e e e o

with results obtained by Farrell and Zachman (1973 - from
Farrell, 1977) which showed a much higher value for PC
concentration in lung parenchyma from corticosteroid treated
fetal rabbits over control levels. Results from Brehier

et al. (1977) demonstrate that betamethasone treatment
increases the rate of choline incorporation by fetal lungs.
This supports the findings mentioned above on the increase in
PC synthesis after cortisol administration.

The PC to SP ratic (lecithin to sphingomyelin = L/S)
has been shown to increase with increasing lung maturity
(Rooney et 2l., 1976). This ratio has been studied in samples
derived from human fetal amniotic fluid. Fencel et al. (1975 -
from Peltonen et al., 1977} and Tan et al., (1976 = from
Peltonen et al., 1977) have found a positive correlation
between the amniotiec L/S ratio and cortisol level. However,
in a study by Peltonen et al. (1977) they could find no
increase in the mean cortisol level in samples taken from
groups at 33 - 38 weeks of gestaticn. This same group showed
a2 sharp increase in the proportion of cases with mature
L/8 (02) ratios and cases with raised levels of lecithin
bound palmitic acid (LBP) (Pelionen et al., 1977). Thus,
there is some controversy over clinical prediction of fetal
lung susceptibility to RDS based on cortiscl levels in
amniotic fluid. The metabolism of amniotic fluid cortisol
and the age of the fetus at the time of amniocentesis also
play important roles in studies such as those above (Peltonen
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et ala, 1977)0

Because PC is the primary component of pulmonary
surfactant, investigators have studied which of the two
pathways used in its synthesis is stimulated by corticosteroids,
The main pathway by which PC is aynthesized appears to be
the choline incorporation pathway (Epstein and Farrell, 1975;
Farrell et al., 1976; Farrell et al., 1974 -~ from Farrell,
1977). Farrell and Zachman (1973 - from Farrell, 1977)
followed the rate of incorporation of [/*Cl=choline into
PC and the conversiocn of [”#C-methionine) to the final
product in lung slices from corticostercid treated rabbit
fetuses, Lungs from the hormone treated fetuses showed about
50% more activity in the choline pathway rates than those of
controls. The second pathway of PC synthesis, PE methylation,
did not appear to be affected by hormone administration.

These results have been supported in experiments with fetal
rats (Russell et al., 1974 - from Farrell, 1977), human fetal
lung explants (Eklund et al., 1975 = from Farrell, 1977),

and in lung cells in tissue culture (Smith and Torday, 1974 =
from Farrell, 1977).

Having established that certain end-products of phospho-
lipid biosynthesis show an increase in production in response
to corticosteroid treatment, investigators have turned their
attention to the enzymes involved in phospholipid biosynthesis.
Their studies have demonstrated the fact that corticosteroid
treatment does alter the activity of these enzymes. However,
investigators do not yet agree on whether or not given
enzymes are influenced by corticosterocid treatment.

In Table 11, several enzymes are listed along with their
role in phospholipid bicsynthesis, and the results of studies
on these enzymes are given. EBach enzyme will be briefly
discussed and comparisons made where possible.

The first enzyme listed in Table 11, phosphatidic acid
phosphatase, is an important enzyme in phospholipid synthesis.
It is involved in diacylglycerol synthesis which is used in
the last step of phosphatidylcholine production and in the
synthesis of other phospholipids. A regulatory role for this
enzyme has been suggested by Brehier et al. (1977). This
enzyme showed an increase in activity in response to hormone
treatment. The increase was closely correlated with
stimulation of choline incorporation due to corticosteroid
treatment. Thus, Brehier et al. (1977) have suggested that
PAPase may play a regulatory role by controlling the number
of diglycerides available for phospholipid synthesis.

The three enzymes following PAPase in the table are
all enzymes of the choline incorporation pathway. As mentioned
eariier, this is the major pathway by which PC is synthesized.
The first enzyme in the pathway, choline kinase, does not
appear to be affected by corticosteroid treatment. In
untreated controls the level of this enzyme's =zctivity is
about 2.5 times hi%her, during the final stages of development,
than adult levels (Oldenborg and Van Golde, 1977). Choline-
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phosphate cytidylyltransferase, the second enzyme of the
choline incorporation pathway, does not have a clearly
defined response or lack of response to hormone treatment.
The results of Oldenborg and Van Golde (1977) show that this
enzyme does not show an increase or decrease from control
ievels in response to hormone treatment. However, Rooney et
al. (1976) assaying fetal rabbit lung homogenates, found

a small increase in activity over control levels. Of course,
one cannot directly compare the results between these
invegtigations because the experimental systems varied.

The last enzyme in the choline incorporation pathway,
phosphocholine transferase, has also shown varying results.
Three of the experiments cited in the table agreed that

there was no effect of corticosteroid treatment on the
enzyme's activity. However, those experiments studied the
enzyme activity in lung homogenates. Qldenborg and Van
Golde (1977) studied phosphocholine transferase in the
microsomal fraction of lung homogenates. They found a
significant increase in enzyme activity in response to
corticosteroid treatment. Their results agreed with those
of Farrell and Zachman (1973 - from Farrell, 1977). Attempts
have been made to resolve the differences between results
showing no change in activity and those showing significant
increases. Rooney et al., (1976) found that their surgical
manipulation and saline injection caused an almost three-fold
increase in activity of this enzyme. Thus, they suggested
that the stimulation caused by their procedure may have
"masked" any increase in activity due to administration of
exogenous hormone. They further suggested that the "stress"
0f their surgical manipulations may have 1lnduced the release
of endogenous cortiscl which may have in turn "masked" the
effects of added hormone. However, Brehier et al. (1977)
administered corticosteroid intramuscularly, without any
elaborate surgical procedures and they still found no change
in phosphocholine transferase activity. Rooney et al. (1976)
also tried to explain the differences in activity by using
different substrates in the enzyme assay. They suggested
that Farrell and Zachman (1973) may have been assaying
enzyme activity in response to endogenous diacylglycerol
rather than added dipalmitoylglycerocl. Rooney et al. (1976)
measured the enzyme activity without added substrate in
control and cortisol-treated rabbits, in the presence of
dipalmitoylglycerol, and in the presence of dioleoylglycerol.
No matter which substrate was used, the enzyme activity in
the control and cortisol-treated lung homogenates did not
differ significantly (see Table IV from Rooney et al. (1976)).
Investigators have found that exogenous dipalmitoylglycerol
was hardly utilized by phosphocholine transferase (Oldenborg
and Van Golde, 1976 ~ from Oldenborg and Van Golde, 1977)

in assay emulsions. Here zgain the suggestion may be made
that the activity of the enzyme toward endogenous diglycerides
was being measured. However, locking back at the use of
dioleoylglycerol by Rooney et al, (1976) and by Brehier et
al. (1977) it can be seen that the activity of the enzyme
toward this substrate increased by three-fold over control
levels. Using this substrate, both investigations showed
that there was still no difference between control levels of
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Table IV {(from Rocney et al., 1976)
! TABLE IV B

ACTIVITY OF FETAL RABBIT LUNG CHOLINEPHOSPHOTRANSFERASE TOWARD IMFFERENT
DIACYLGLYCEROLS :

. Experimental details as in Tabie 11l. Results are expressed in pmol/min per mg protein.

Added diacylglycerol n Control Cortisol-treated
None 6 510t 22 50.9 £ 5.9
1,2-dipalmitoyl-an-glycerol-3-phosphate 8 666 29 65,6 * 6.3
1,2-dioleoylen-glycerol-3-phosphate 6 120 :10 108 9

activity in response to hormone treatment. It has been
suggested by Rooney et al. (1975) that the hormone may act

by increasing substrate availability. Brehier et al. E19773
suggested that the increase which Farrell and Zachman (1973
observed, may have resulted from an increase in the number

of available endogenous diglycerides in response to an increase
in PAPase activity. The controversy over these enzymes

remaing to be resolved.

Because PC is the primary component of pulmonary
surfactant, many investigations have focused attention on
PC synthesis. However, investigators have studied PG
synthesis because it also makes up a signifi'cant portion of
lung surfactant.

Cne of the enzymes involved in PG synthesis is glyecerol-
phosphate phosphatidyltransferase. Here again different
studies cited in Table 11 used slightly different time periods.
Brehier et al. (1977) injected rabbits with corticosteroid
+, 1, or 2 days before being sacrificed on day 26 of gestation.
Rooney et al. (1976) injected rabbits at 25 days of gestation
and fetuses were delivered at 27 days., In a different
experiment, Rooney et al. (1975) injected rabbits at 24 days
and delivered fetuses at 27 days. The first two experiments
cited showed no effect of hormone treatment on enzyme activity.
However, the third experiment did show an increase in enzyme
activity in response to hormone treatment. Rocney et al.
(1976) suggested that the length of time following the hormone
administration was the critical factor in seeing en increase
in activity. They contend that the increase in activity
would not be seen unless rabbit fetuses were delivered three
days after injection on day 24 rather than delivering them
two days after injection on day 24. Support for this theory
came from analysis of lung lavage which had an increase in
PG three days after hormone injection but no increase in PG
after only two days following injection (Rooney et al., 1976).
This could explain why the experiment by Brehier er al.

(1977) showed no increase in enzyme activity following hormone
administration. The specificity of corticosteroid stimulation
of this enzyme is interesting to note, also. Rooney et al.
(1975) found that cortisol only affected the enzyme activity
in the lung and not the liver. ;
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Hallman and Gluck (1975a - from Rooney et al., 1975)
reported a decrease in synthesis of PI with the increase in
PG synthesis during development. Rooney et al. (1975)
demonstrated that the enzyme involved in PI synthesis,
CDP-diglyceride-inositol phosphatidyltransferase was un-
affected by cortisol treatment. In a later experiment by
Rooney et al. (1976) they showed no effect of cortisol on the
amount of PS + PI synthesized. A possible reason for the
differences in results may be due to differences in sampling
periods.

The studies discussed previously have dealt with those
enzymes involved in the synthesis of certain classes of
phospholipids. Enzymes thought to be involved in the
synthesis of dipalmitoylphosphatidylcholine. (DPPC), a
specific phospholipid molecule which occurs almost entirely
in the lung, have also been studied. Results from these
experiments were not totally in agreement either,

Lysophosphatidylcholine acyltransferase, one of the
enzymes thought to be specifically involved in DPPC synthesis
has been shown to increase in activity upon corticosteroid
treatment (Oldenborg and Van Golde, 1977; Rooney et al., 1976).
Rooney et al. (1975? however assayed the enzyme activity
in an earlier experiment and found no change in activity,
which may have been due to determining its activity one day
after the enzyme had reached its peak. Recall that the
first Rooney et al. (1975) experiment cited assayed enzyme
activity three days after injection at 24 days, and the
second Rooney et al. (1976) experiment assayed enzyme activity
two days after cortisol injection at 25 days. It could have
been that within two days after hormone administration during
this period of development, the enzyme reached its peak
activity. Oldenborg and Van Golde (1977) demonstrated an
inecrease in enzyme activity in mouse lungs which came from
hormone treated pregnant mice. Direct comparisons between
the mouse and rabbit experiments cannct be made, but there
does appear to be some response of this enzyme to hormone
treatment.

Two other enzymes thought ot be involved in DPPC synthesis
have been studied. Results from experiments on lysophosphatidyl-
choline:lysophosphatidylcholine acyltranaferase show no
response to corticosteroid treatment (Oldenborg and Van
Golde, 1977). Results from the two Rooney et al. (1976,

1975) experiments on lysophosphatidic acid acyltransferase
showed no response of this enzyme to hormone treatment either.

Rooney et al. (1974 - from Rooney et al., 1975) have
demonstrated that cortisol decreases the activity of enzymes
involved in fatty acid synthesis in the lung. This effect
appears to be specific in that de noveo FA synthesis is stimulated
in the liver in response to cortisol administration, and
the hormone has no effect on brain fatty acid synthesis
(Gross et al., 1975a; Rooney et al., 1974 - from Rooney et al.,
1975)., Even though corticosteroids may inhibit de povo
fatty acid synthesis in the lung, they may provide fatiy
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acids via a different mechanism. Hamosh et al. (1976 - from
Farrell, 1977) have demonstrated that lipoprotein lipase
activity is stimulated by corticosteroid treatment. Thus,
hydrolysis of circulating triglycerides may provide fatty
acids for phospholipid synthesis (Farrell, 1977).

Up to this point in the discussion of corticosteroid
effects on fetal lung maturity, only biochemical, anatomical,
and physiological changes have been described. The maturational
effects have been assumed to be a direct result of cortico=-
stercid influence on lung tissue itself, Evidence for the
direct "action" of corticosteroid on lung tissue came from
studies which demonstrated the presence of corticosteroid
receptors in lung tissue (Ballard, 1977; Kauffman 1977a).

Ballard (1977) has reviewed the subject of glucocorticoid
receptors. The following discussion comes mainly from his
review. Glucocorticoid receptors have been studied mainly
in fetal rabbit lungs (Ballard, 1977). These hormones appeared
to bind to a single class of proteins (Ballard and Ballard,
1969; Giannopoulos, 1973; Giannopoulos et al., 1972; Toft
and Chytil, 1973 - from Ballard, 1977). The specificity of
binding has been indicated by the high affinity of bindin
and relatively low number of binding sites (Ballard, 1977?.
Glucocorticoid receptors have shown a higher affinity for
several synthetic glucocorticoids than they have for the
endogenous glucocorticoids, cortisel and corticosterone.

The receptors showed little affinity for androgens or
estrogens (Ballard, 1977). Glucocorticoid receptors have been
shown to appear early in development. Receptors have been
detected as early as 18 days in the fetal rabbit (term is

31 days), and as early as 12 weeks of gestation in humans
(Ballard, 1977). Ballard (1977) has suggested that because
these receptors appear early in gestation their development
and presence probably does not play a regulatory role in
tissue response to hormone treatment. The receptor site alseo
appears to have some sulfhydral groups. Loss of binding
capacity is preveanted by the presence of sulfhydral compounds
(Rallard, 1977). Binding sites in lung cytosol have been
stabilized by the presence of glucocorticoid (Giannopoulos,
1973; Toft and Chytil, 1973; Granberg and Ballard, 1977 -
from Ballard, 1977), and dithiothreitol (DTT) did not affect
the stability of the receptor-steroid complex (Granberg and
Ballard, 1977). In discussing the properties of lung
glucocorticoid receptor sites, it is interesting to note that
these receptors were inactivated by dephosphorylation in
studies on mouse fibroblasts and rat liver preparations
(Nielsen et al., 1977). Nielsen et al. (1977) have suggested
a phosphorylation~~dephosphorylation mechanism which may be
responsible for determining the level of active receptors in
the cell. Perhaps oxidation of sulfhydral groups and dephos-
phorylation of receptors or some other cellular component
affecting the recepior may be regulatory factors in gluco-
corticoid effects on cells.

To continue with the discussion of glucocorticoid
receptor properties, a study on various adult rat tissues
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revealed that the thymus had the highest binding capacity
for dexamethasone and lung tissue the next highest binding
capacity in the presence of DTT (Ballard, 1977). However,
as Ballard (1977) pointed out, these studies were done on
whole tissue preparations and may not have provided an
accurate picture of the receptor capacity in each type of
glucocorticoid target cell. EIExperiments have been done on
different types of lung cells or lung derived cell lines.
Using L-2 cells, a cell line that apparently originated from
a type II epithelial cell of adult rat lung (Douglas and
Kaighn, 1974 - from Ballard, 1977), it has been found that
L=2 cells had a higher binding capacity for dexamethasone
than cultures enriched for type II cells (see Table { from
Ballard (1977)). In addition tc these experiments, studies
have been done on dispersed rat lung cells from adult rats.
Results demonstrated that 50~75% of the bound dexamethasone
was found in the guclear fraction when the reaction was
© carried out at 36°C for 30 minuges. However, when the same
experiment was carried out at 2°C, there was little accumu~
lation of nuclear bound hormone even after overnight
incubation (Ballard, 1977). Ballard {(1977) suggested that
the temperature dependence for nuclear transfer may have
reflected the "activation" of receptor-steroid complex,
a process required for nuclear binding both in vivo and with
igolated nuclei in vitro (Cake and Litwack, 7975 - from
Ballard, 1977).

The results from experiments discussed in this section
clearly support the hypothesis that corticosteroids can have
a direct effect on lung tissue development. In the final
portion of the discussion on the effects of corticosteroids
on lung development, there will be a brief description of
the model for glucoccrticoid-receptor interaction.

The Figure 1 from Ballard (1977) shows the current
model for glucocorticocid-receptor interaction. The initial
steps of the model resemble the well characterized estrogen
model of steroid-receptor interaction. According to Ballard
(1977) studies in other tissues which respond to glucocorti-
coids have shown that nuclear interaction influences the rate
of mRNA synthesis for specific proteins {Cake and Litwack,
197%: Rousseau, 1975 - from Ballard, 1977). Additional
studies on the molecular responses of gepcific types of lung
cells, such as the alveolar type 1I cells, need to be
performed in order to support or disprove this model. As
noted earlier, the same hormone can elicit different responses
in different tissue types. Therefore, once the basics of the
model are worked out, refinement must include those controlling
factors in the cell which stimulate synthesis of certain
phospholipids, inhibit de nove fatty acid synthesis, trigger
secretion of surfactant, and ete. ‘

In summary, it appears as though corticosteroids accelerate
lung maturation including the development of the surfactant
system. The microscopic appearance of lungs from fetuses
treated with hormone resemble those of more mature lungs.
Anatomical examination includegs an increase in the proportion
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Table . (from Ballard, 1977)

TABLE 1. Binding of dexamethasone by
intact cells of rat lung :

Specitic nuclear
binding
Sitey/ Kn
Cell 1vpe vell L]
Dispersed aduilr lung cells *
Freshly isolated 7.500) 6.9
Cultured -2 wk 26,500 7.9
Isolated 1ype L cells
(R0-90%) 5,700 B.2
i Organitypic cullures
E ot fetal lung
! (G0F% Type 1 cells) 13,150 10.2
' Culured L2 cels 58,200 8.0

Imtact ceils were incubated in serum-free Hams
F-12K or Swim's §-77 medium with various concen-
trations of {*H Jdexamethasone with or without 3 um
nonlabeled dexamethasone for 30 min at 37 C,
anel specific binding was determined in a nuclear
fraction after wiushing as described w ref 25. The
dispersion and culture of lung cells has been reported
(25). lsolation of a population enriched for Type 11
epithelial cells was carried out by R. M. Mason (32),
and the L-2 (passage 36-51) and organotypic cells
{cultured 1-2 wk) were generously provided by W. H.
Douglas (15, 16); Values are the mean of 3-10

- experiments. I

Figure 1. (from Ballard, 1977)

Enzyme Synthes:s

Prospholipid  Synthesis

=
) Sur factan

. 7

Figure L. Proposed mechanism of ghicocorticoid effects in the type H alveolar epithelial cell. In this
mndel glucocorticoids freely cross the cell membrane 1 combine with specific receprors in the
cytoplasm. The receptor-sieroid complex is then translocated 10 the nucleus where it binds to
chromatin, inivating the symhesis of specific messenger RNA's for new protein synthesis in the
cytoplasm. The inducible proteins include enzymes involved in the synthesis of phospholipid,
which is stored in lamellar bodies and secreted as surface active material into the alveolar space.

Lamsliar Body (i

Type 0 Alveolor Ceill
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of epithelial cells having OIB's., Glucocorticoid treatment
also accelerated the appearance of SAM, increased the volume
density of air gpace, and enhanced deflation stability. The
presence of certain surfactant phospholipids were also
increased with hormone treatment during fetal development,
The synthesis of PC via the CDP-choline pathway was increased
by corticosteroid treatment of rabbit fetuses., Some enzymes
involved in the CDP-choline pathway (PAPase, cholinephosphate
cytidylyltransferase, and phosphocholine transferase) appear
to increase in activity in response to hormone treatment

in some investigations. (PAPase also produces diacylglycerols
used in synthesis of other phospholipids). Glycerolphosphate
phosphatidyltransferase also appears to increase in activity
after hormone treatment depending on the timing of the
hormone treatment and eventual assay (see text). In the
experiment on CDP-diglyceride-inositol phosphatidyltransferase
cited in the table (11) cortisol did not appear to affect
this enzyme. One enzyme possibly involved in DPPC synthesis
(lyso=-PC acyltransferase) was stimulated by hormone in

some experiments. The activity of enzymes involved in FA
synthesis were decreased after hormone treatment, but lipo-
protein lipase was apparently stimulated. Finally,
glucocorticoid receptors have been found in the lung, and

L-2 cells (clonal type II cells) appear to have the highest
binding capacity compared to other lung cell preparations.

As was mentioned in the introduction to this section,
geveral agents besides corticosteroids have been studied for
their effect on surfactant production or secretion. One
agent associated with an apparent increase in secretion of
surfactant is pilocarpine. Pilocarpine is a muscarine
alkaloid which has been shown to directly stimulate effector
cells in a manner gimilar to that of postganglionic cholinergic
nerve stimulation (Koelle, 1975 - from Yoneda, 1977). That
is why it can be used as a parasympathomimetic (Merck, 1968).
Pilocarpine has been shown to stimulate secretion in the
bronchiolar Clara cell (Yoneda, 1977) and in the type II
alveolar epithelial cell (Florey et al., 1932; Goldenberg
et al., 1969; Morgan and Morgan, 1973 - from Yoneda, 1977).
According to Yoneda (1977) pilocarpine stimulation of
secretion and secretory processes in the pancreas show
similarities to pilocarpine stimulation of Clara cell
gecretion. I% is now thought that the Clara cell secretes
protein and not surfactant (Yoneda, 1977). Thus, attenticn
will be focused on evidence that pilocarpine stimulates
gsurfactant secretion in type II alveolar epithelial cells.
There is increasing evidence that the type II cell is the
site of surfactant production (Goerke, 1974).

In a study by Pysher et al. (1977), the effects of
hydrocortisone and pilocarpine on rat fetal lung explants
were determined. They found the 19 day old fetal lung
explants to be the most responsive to hormone treatment.
Therefore, this was the age at which their pilocarpine studies
were conducted.

Pysher et al. (1977) analyzed the media for incorporation
wl35=



of '*C-palmitic acid into PC after hydrocortisone and
pilocarpine treatment. Explants were preincubated with

1078 M hydrocortigone for 24 hours, then washed in new media
with or without 107°M pilocarpine. Three hours of incubation
were needed before they obtained a significant increase, over
control levels, of labeled PC in the culture media. A decrease
in labeled explant PC was found over the same time interwval.
They performed volume proportion studies and differential

cell counts on explants primed with hydrocortisone, and

treated with pilocarpine for %+ hour. They found no differences
between hydrocortisone/pilocarpine treated explants, and

those explants treated for 24 hours with hormone only.

Because it took three hours before the effects of pilocarpine
were noted as an increase in labeled PC in the media, it

would have heen a good idea to have done morphological
examinations of explant tissue at that point. Perhaps + hour
was not a long enough period of time for pilccarpine to

have a detectable effect (Pysher et al., 1977).

Although the labeled PC was not directly traced back to
the surface-active layer, there was evidence that surface-
active material was released. Pysher et al. (1977) used the
foam stability test to measure surfactant. In essence this
test involved the dilution of a sample containing surface-
active material to see how much the sample could be diluted
and still obtain a ring of bubbles greater than 50% of the
meniscus after agitation., They found that the media from
hydrocortigone/pilocarpine treated explants could be diluted
further than controls ?hormone treatment only) and still
produce positive foam stability tests.

Based upon the evidence presented, 1) pilocarpine
stimulates an increase of labeled PC in the culture media;
2) there is a concurrent decrease in labeled PC of explants;
and 3) more positive foam stability tests are obtained with
pilocarpine, it appears as though pilocarpine stimulates
surfactant secretion in lung explants., The mechanism of
pilocarpine action is not known. However, it appears to
have a nonspecific effect on the process of secretion in
that it stimulates secretion in the Clara cell, pancreatic
cells, and ftype II alveolar epithelial cells, all of which
secrete different products. Pilocarpine may be useful in
studying the mechanism by which surfactant is secreted.

It ig important to note the inference made by those
pilocarpine studies. Pilocarpine can act as a parasympatho-
mimetic, plus it apparently stimulates secretion in various
cell types. One hypothesis which can be drawn from these
obgervations is that secretion, sepcifieally surfactant
secretion in this case, may be regulated by effectors of the
nervous system such as acetylcholine or perhaps norepinephrine
(released by sympathetic postganglionic axons (Anthony and
Kolthoff, 1971{. (Recall the study on the A549 cell line
in the cellular aspects section which demonstrated an
increase in saturated PC secretion in response to cholinergic
and adrenergic agents).
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Studies on lung tissue and lung cells using various
cholinergic and adrenergic agents has led to speculation
that perhaps secretory activity of the type II alveolar cell
is under sympathetic and/or parasympathetic nerve control.
The innervation of the lung has been studied in detail but
is beyond the scope of this paper and this author's
knowledge, However, a few observations made in the
literature do indicate that nerve cells may be involved in
regulation of type Il cell secretory activity. According
to Thurlbeck and Wang (1974) the innervation of "alveolar
walls" is less certain than innervation of the airways.

In an abstract published in 1972, Hung et al. reported
the presence of different nerve endings on the type I and
type II cells. "Nerve terminals on type I pneumocytes are
located under the epithelial cell body or its processes in
the alveolar duct areas and the alveolar walls." A second
"type of nerve ending forms a cell-shaped swelling with its
wide base in close contact with the lateral surface of the
type 11 pneumocyte." They postulate that the nerve terminals
located "at type I pneumocytes are sensory endings and
thoce at type II are autononic motor endings."

In a chapter on lung structure (Thurlbeck and Wang,
1974) three studies were reported which "challenged" the
view that nerve fibers "could only be seen in alveolar
walls which were adjacent to vessels or airways, and that
the nerves were supplying the latter structures."” The
first study showed nerves, thought to be cholinergic and
noradrenergic, in relation to alveclar capillaries. The
second study reported the presence of nerves in "alveolar
walls which were a considerable distance from airways and
vessels." These were thought to be sensory fibers. The
third study discussed was the one by Hung et al. (1972) cited
above., However, it was stated that the "granules in the
motor endings described by Hung et al. (1972) are not those
associated with cholinergic nerves." Thus, their results
were in apparent conflict with a pilocarpine study showing
stimulation of MLB secretion (Thurlbeck and Wang, 1974).
The presence of nerves has been demonstrated in alveolil,
but their activity in regulation of type II cell secretory
activity has not been proven.

In addition to corticosteroids, thyroxine is another
hormone which has been tested for its effect on surfactant
production in the lung. Thyroxine is a tetraiodinated
derivative of the amino acid tyrosine. A deficlency or
excess of thyroid hormone is responsible for a number of
diseases (Lehninger, 1976, pg. 824) including one developmental
disorder called cretinism in humans (Filburn and Wyatt, 1974).
Thyroid hormones (including thyroxine (L-3,5,3',5'-tetraiodo-
thyroninegland I-3,5,3'-triiodothyronine) also influence the
development of skeletal and reproductive systems {Filburn
and Wyatt, 1974). One of the most well known examples of
thyroid hormones' role in development has to do with amphibian
metamorghosis (Filburn and Wyatt, 1974; Lehninger, 1976, pp.
325-826), Thyroid hormone also appears to help regulate the
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basal metabolic rate of an organism {Lehninger, 1576, pp.
824-825).

The results from thyroxine treatment on lung surfactant
production were controversial as was noted in the discussion
on corticosteroid studies., In Table 12, three different
experiments using thyroxine in studying lung development were
outlined, The experiments by Mason et al, %1972) and
Redding et al. (1972) differed in their results. Mason et
al. (1972) found no difference in the amount of phospholipid
or disaturated PC when thyroxine concentration was varied by
thyroidectomy or by simple thyroxine injection, 1In contrast,
Redding et al. (1972) found that the amount of lung
surfactant increased with exogenous thyroxine treatment, and
the surfactant yield decreased when rats had undergone a
thyroidectomy. The reason for differences between these two
studies may have been due to differences in procedure. Mason
et al. (1972) injected rats with 1 mg of thyroxine per kg of
body weight for 7 days which was similar to the injection
procedure followed by Redding et al. (1972). However,

Mason et al. (1972) rinsed the lung with c¢old saline after
removing it, then homogenized the tissue and extracted lipids
from the homogenate. Redding et al. (1972) lavaged the

lungs after removing them, then separated out the surfactant
from the lung wash. This was done by differentially
centrifuging the wash fluid at 600g, then ultracentrifugation
of the pellet obtained from the differential centrifugation.
They obtained one band from their sucrose density gradient
which they said was highly surface-active and used it in
their analysis. The quantity of surfactant was expressed

as mg of lyophilized surfactant per gram of wet weight of
fresh lung.

The main difference between the two studies cited above
was that one assayed phospholipids from the entire lung, and
the other assayed surfactant from lung lavage. Also, the
saline rinse of lung tissue by Mason et al. (1972) may have
rinsed out surface lipids. 3Both studies could be improved
upon. A better experiment may have been to quantitate total
PC and disaturated PC in both lung tissue and lavage fluid
in response to thyroxine treatment. Thyroxine could have been
injected intc the amniotic sacs of fetal rats, then their
lungs analyzed for total PC and disaturated PC. Of course
thyroxine has been shown to affect several different tissues,
so that would have to be considered in analysis of the results.
Hore detailed biochemical analyses of lung phospholipids in
response to thyroxine treatment need to be performed before
conclusions can be drawn about the influence of thyroxine
on surfactant production.

Rooney et al. (1975) have studied the enzymes of phos=-
holipid and fatty acid synthesis in response to thyroxine
?see Table 12). They found that some of the enzymes involved
in PG, PC, PI, dipalmitoyl PC, or in Tfatty acid synthesis
were not affected by thyroxine treatment. The process of
fatty acid elongation was also unaffected. Of course it was
possible that these enzymes did not show any response in the
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Table 13.

Thyroxine Effects

tested: 1)hyper-
thy*o d (received
of L-thyroxine
(T4§/kg for 6 days),
2 )hyperthyroid
(recezved 1 mg of T4/
for 15 days),
3 littermates of
group T injected
with saline only;
littermates of
group 2 injected
with saline only,
4)hypothyroid rats
killed 6-8 wks.
following thyroid-
ectomy - 5)these
were compared with
sham operated
littermates.
(Continued)

Ref., Method Results
" A Expt. 1: 4 groups 1) Average serum PBI was much
of rats were greater in animals which were
tested - 1)sham=~ injected with thyroxine.
operated controls; 2) Ex ) ;

_ pt. 1: No significant
iiiigiiggeggggied- difference between total phos-
B)thy”oidectomize& pholipid or disaturated lecithins

PO : in comparing sham operated controls
controls; 4)thyroid- ‘ X
ectomized thyroxine— and sham operated thyroxine-
o treated rats, or in comparing
Two weeﬁs . thyroidectomy control and thyroxine-

o treated rats
operation - animals *
received 7 daily sub-
cutaneous injections
of 1 mg of L~
thyroxine per kg or
an equal vol. of the
"vehicle."
Expt. 2: 2 groups 3) Expt. 2: No significant
of rats tested - difference between total phos-
1 )received thyroxine; |pholipid or disaturated lecithins
2)received the vehicle|in comparing nonoperated rats:
using same treatment which received thyroxine or did
procedure as in Expt. |not receive it.
10
In both expts. assayed
for 1)serum protein
bound iodine (PBI),
2)total phospholipid,
3)disaturated PC.
B 5 groups of rats were |Morphological:

1) Only type II alveolar cells

showed marked changes in response

to increasing thyroxine concentrations.

2) In lungs from hyperthyroid

rats, type II cell diameter was

larger, no. of lamellar bodies

greater, and lamellar body diameter

wag greater than control values,

3) In lungs from thyroidectomized

rats, type II cell diameter was

smaller, no. of lamellar bodies

fewer, and lamellar body diameter

was smaller than control values,

4) Nuclear chromatin clumped

in type II cells from hypothyroid

rats - suggesting inactivity

5) Clara cells, ciliated epithelial

cells of terminal bronchiocles, and

capillary endothelial cells were
(Continued)
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Table 12.

(Continued)

A = Mason et al.,
C - Rooney et al.,

1972
1972
1972

Ref. Method Results
B Lungs from each group| 5) (cont'd.) unaffected by varying
were washed with thyroxine.
?%&ig: 32Selavage Surfactant Analysis:
s lmzes, For (Mean phosphorus per mg surfactant
Al S same in all groups).
~ ¥ 1) In hyperthyroid rats, amount of
lungs from each lung surfactant increased over
group were also control values - rats treated for
analyzed under 15 days with T4 produced more
the electron surfactant
microscope. 2) Hypothyroid (thyroidectomized)
rats had less surfactant than
controls or sham operated controls
3) Control and sham operated
controls had same amocunt of
surfactant.
C Fetal rats of 24 Morphological:
days gestation were Thinner alveolar septa and wider
injected with 1 ug air spaces than controls and
of thyroxine and type II cells had less glycogen
similar amount and more CIB's than controls =
injected into lungs more mature than controls,
amniotic sac. . .
ey : Biochemical:
;itggegadzllvered No effect on activity of glycercl-
- - BB rhosphate phosphatidyltransferase,
choline phosphotransferase, CDP=-
diglyceride-inositol phosphatidyl-
transferase, lysophosphatidic acid
acyltransferase, lysolecithin
acyltransferase, FA synthetase,
acetyl-CoA carboxylase or FA
elongation.
Refs.:
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particular time period selected, but may have shown changes
had the time of injection and sampling been different. The
only conclusion which can be drawn from this study is that
thyroxine did not appear to play a role in surfactant
production via a change in activity of certain enzymes
involved in phospholipid or fatty acid synthesis over the
particular time period selected. It is possible, as Mason
et al., (1972) suggested, that thyroxine may induce a change
in the "distribution" of phospholipids within the lung
rather than in phospholipid synthesis.

Evidence for the concept that thyroxine may influence
the distribution of lung phospholipids came from morphological
studies. Rooney et al. (1975) demonstrated that thyroxine
treatment accelerated lung maturation. They found that type
IT alveolar cells from thyroxine treated fetuses contained
less glycogen and more QIB's than type II alveolar cells from
controls of the same age. They also found thinner alveolar
septa and wider air spaces in fetal lungs from thyroxine treated
fetuses than in control fetal lungs. Redding et al. (1972)
found that type II cells from adult rats made hyperthyroid
also had a greater number of 0IB's and these OIB's appeared
to be larger than in lungs from hypothyroid or control rats.
They found that the only cell which appeared to be affected
by thyroxine was the type II alveolar cell. These ohservations
were supported by Wu et al. (1971 - from Redding et al., 1972)
who learned that surface activity and the appearance of 0IEB's
in type 1II alveolar cells occurred earlier in development when
rabbit fetuses were treated with thyroxine. Because osmiophilic
lamellar bodies of type IIcells have been thought of as the
site of surfactant storage (Goerke, 1974), thyroxine may be
stimulating storage of surfactant., Results from Redding et
al. (1972) and Wu et al. (1971) which showed an increase in
lavage surfactant and earlier appearance of surface activity
in response to thyroxine, respectively, infer that thyroxine
may have been stimulating surfactant secretion. Thus,
thyroxine may have induced surfactant secretion and storage
in these studies but it was not shown that this hormone affected
surfactant synthesis.

The next step in experimentation on thyroxine's role
in lung development should be to determine whether or not
thyroxine directly affects lung tissues. This could involve
in vitro incubations of lung tissue in the presence of
thyroxine with subsequent analysis of media and tissue for
PC (including disaturated PC), and morphological examination
of lung tissue, ZLung tissue could also be analyzed for the
presence of thyroxine receptors. O0Of course, thyroxine may
stimulate another tissue which could in turn affect lung
development. Profiles of normal thyroxine secretion in
developing animals could be compared with profiles of lung
development in the same animal to see if there may be
correlations between thyroxine secretion and developmental
events in the lung. Clinical use of thyroxine as a preventive
measure or in treatment of RDS in infants may not be practical
because addition of thyroxine to the fetus may have deleterious
effects on its normal development, However, it would be
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important to know if and how thyroxine regulates lung
maturation,

Because various components of carbohydrate metabolism
are incorporated into lipids, investigators are studying
different agents which affect carbohydrate metabolism in
relation to their effects on lipid production in the lung.
The relationship between glycogen metabolism and phospholipid
synthesis in the lung has been reviewed in the section on
synthesis., According to a review by Gross (1977), the fetus
of a diabetic mother is exposed to high levels of endogenous
insulin due to glucose stimulztion of the fetal pancreas.
Glucose from the hyperglycemic mother crosses the placenta
(insulin does not) and stimulates insulin production by the
fetal pancreas. Babies born to diabetic mothers have a greater
tendency to exhibit respiratory distress syndrome (RDS) of
the newborn. Robert et al. (1976 = from Gross, 1977) have
found that the susceptibility of these infants to RDS is not
due only to the fact that these infants tend to be born
prematurely or by Caesarean section. Insulin, a hormone
which promotes glucose uptake and glycogen synthesis in
target cells (Lehninger, 1976, pp. 820-821) has an apparent
effect on surfactant production as will be seen in the
experiments discussed below. (See Fig. 1 from Gross (1977)
showing the importance of glucose to phosvholipid synthesis
in the alveolar type II cell). Proinsulin, the protein
precursor moclecule of insulin, is synthesized in the 7 cells
of islets of Langerhans in the pancreas, then cleaved by
proteases to form insulin which is stored in vesicles until
the cell releases it in response to a rise in blood glucose
(Lehninger, 1976, pp. 817=822). Diabetes, as induced by two
agents, alloxan or streptozotocin is known to influence
phospholipid synthesis as well.

In a recent experiment, Moxley and Longmore (1977),
demonstrated that induced diabetes in rats apparently caused
a decrease in the amount of glucose incorporated into certain
lipids. Adult rats were treated with alloxan or streptozotocin
to induce diabetes. Lungs from diabetic animals were then
removed and perfused with medium containing radicactively
labeled and unlabeled glucose, They found that glucose
incorporation into neutral lipids and phospholipids was lower
in lungs from alloxan and streptozotoein treated animals than
in normal animals. A reduction in labeled glucose incorpo-
rated into neutral lipids and phospholipids from the residual
(nonsurfactant) fraction was also seen in lungs from diabetic
animals. lore specifically, there was a reduction in glucose
incorporaticn into PC and PG seen in the surfactant and residual
fractions in alloxan and streptozotocin diabetic animals with
the exception of PG in the residual fraction from streptozo-
tocin treated animals. They speculated that this lack of
change in labeled PG may have been due to errors in isclating
a lipid (PG} which cons{itutes only 2-3% of the lipid in the
residual fraction (Sanders and Longmore, 1974 - from Moxley
and Longmore, 1977). The incorporation of [U~/#C]glucose
into palmitic acid and glycerophosphocholine portions of PC
isclated from alloxan-diabetic rats was reduced compared to
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Figure 1. (from Gross, 1977)
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DISATURATED PHOSPHATIOYLCHOLINE

Figure 1. The interaction of substrates in lung phosphatidylcholine synthesis.

normal values in both surfactant and residual fractions.
Labeled glucose incorporation into PC, PG, and palmitic acid
was increased over control values when rats were treated with
insulin 15 or 30 minutes prior to perfusion. In an earlier
experiment, Moxley and Longmore (1975) found that insuiin
treatment given to alloxan-diabetic rats restored the avility
of their lungs to incorporate labeled glucose into phospho-
lipids and neutral lipids at a rate similar to or exceeding
that found in normal lungs. They also found that exogenous
insulin treatment (insulin contained in perfusion media)

had no effect on the incorporation of glucose into lipids

of lung from alloxan-diabetic or normal rats (Moxley and
Longmore, 1975),

From lloxley and Longmore's (1977,1975) results, 1%
appeared as though insulin and/or the diabetic state of an
animal had an effect on its ability to incorporate glucose
into lung lipids. Just how this particular phenomenon may be
involved in regulation of overall lipid synthegis in the lung,
has not been determined. It would have been helpful if
residual and surfactant concentrations of lung PC and total

hospholipids had been determined., Stratta-bonga et al,

1973 - from lioxley and Longmore, 1975) have found that
lloxan diabetes caused an increase in lung phospholipid and
a decrease in triglyceride concentration, but insulin caused
a smaller increase in phospholipids and no change in tri-
glycerides. Das and Kumar (1975 - from Moxley and Longmore,
1975) reported that streptozotocin diabetes altered the
level of acetyl-CoA carboxylase and fatty acid synthetase,
thus reducing the lung's 1lipid synthesizing capabilities.
Activity of these enzymes was returned to normal levels 12
hours after diabetic animals were treated with insulin.
Thus, it appeared as though pathways of lipid and fatty acid
synthesis which incorporate glucose as a precursor molecule
may be stimulated by insulin. The apparent contradiection
of Stratta-lMonga et al. (1973) results may have been due
to the possibility that less glucose was being stored as
glycogen in lungs of diabetic animals and was thus readily
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available for phospholipid synthesis. However, this would
not resolve the contradiction fully.

Although the mechanism of insulin action on lung cell
phospholipid synthesis is not known, experiments showing the
opposing effects of insulin and corticosteroids may provide
& clue to insulin's action. Smith et al, (1975 - from Gross,
1977) have observed that insulin appears to oppose the action
of cortisol on monolayer cultures of mixed fetal rabbit lung
cells, The addition of cortisol results in increased
incorporationof choline into PC. When insulin is added to
the culture in the presence of cortisol, these effects are
nullified, However, when insulin alone is added to the
culture medium, incorporation of choline into PC is slightly
stimulated.

In experiments on fetal rat lungs in organ culture,
Gross and Smith (1977 - from Gross, 1977) have found that
insulin had an effect opposite to that of corticostercid
on lung glycogen content. In their culture system no cortisol
or serum (which may contain hormones) was added, yet explants
continuad to mature. They suggested that this may have been
due to exposure to ccrticosteroids or other hormones before
being placed in culture, Explants from 19-day fetal rat lung
(term = 22 days) cultured for 24 hours showed decreased glycogen
content and an increased number of lamellar bodies ccmpared
to uncultured lung. When insulin was added to the culture
medium, explants had fewer lamellar bodies and more cytoplasmic
glycogen than control cultures. They also observed that the
lamellar bodies of the alveolar type II cells from insulin
treated cultures were usually earlier forms. Gross (1977)
concluded that insulin delayed the maturation of fetal lungs
in culture as guaged by morphologic evidence,

Gross (1977) suggested that insulin may act by inhibiting
glycogenolysis and thus deprive the lung of substrate for
phospholipid synthesis or it may act by stimulating glycogen
synthesis, thereby storing gluccse rather than allowing it
to be used in phospholipid synthesis. Because insulin increased
the glycogen content and decreased the number of lamellar
bodies, and corticosteroids had the opposite effect (Kikkawa
et al.,, 1971; Wang et al., 1971 - from Gross, 1977), Gross
(1977) suggested that surfactant synthesis may be under
control of several agents whose balance affects surfactant
production.

The findings of Moxley and Longmore (1977) seem to
conflict with the morphological observations made by Gross
and Smith (1977 - from Gross, 1977). Moxley and Longmore
{(1977) showed an increase in the rate of glucose incorporation
into phospholipids with insulin treatment. It should be noted
that their system used adult rat lungs. Gross and Smith
(1977) used fetal rat lungs and showed fewer lamellar bodies
and more cytoplasmic glycogen with insulin treatment. Recall
that Smith et al. (1975 - from Gross, 1977) found a slight
increase of choline incorporation into PC when insulin alone
was added to culture media. Perhaps there is some age
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dependence for insulin effects, It could be that the
monolayer culture of Smith et al. (1975%) and the adult

rat lung are missing a factor which makes insulin a "retarding"
influence on development. The "retardaion" effect of

insulin wae noted by Smith et al. (1975) in which accelerated
maturation induced by corticosteroid was halted by insulin,

and noted by Gross and Smith (1977) who found morphological
evidence of slowed development in the presence of insulin.

The mechanism by which insulin causes changes in the adult

or fetal lung has not been determined.

As to the mechanism of insulin action, Moxley and
Longmore {1977) have suggested that new enzyme synthesis is
probably not involved in insulin's action on the lung.

It took as few as 15 minutes following insulin injection to
see an increase in glucose incorporation into PC, PG, and
palmitic acid. This did not appear to be encugh time for
new enzyme synthesis according to them. Regarding the
mechanism of insulin action, it is important teo note that
insulin inhibits lipolysis (ILehninger, 1976, pg. 821,.
Also, a diabetic has a greatly decreased capacity to convert
glucose into fatty acids (Lehninger, 1976, pg. 851). Thus,
it is possible that insulin'’s action on lungs may involve
inhibition of lipolysis. Demonstration of the presence or
laci of insulin receptors in lung cells would be a helpful
measure in working out the mechanism of insulin acticn.

Dibutyryl cyclic AMP (cAMP) and agents which affect
cAMP concentration have been studied with regard to their
influence on surfactant production and secretion. Theophylline,
a cAMP phosphodiesterase inhibitor (Gross, 1977) and amino-
phylline (a derivative of theophylline which also inhibits
phosphodiesterase (Gross and Rooney, 1977)) have been tested
for their effects on lung surfactant production.

Production of certain lung phospholipids appears to be
stimulated by aminophylline, theophylline, and cAiMP. Gross
and Rooney (1977) have demonstrated an 88% increase in choline
incorporation into PC in explants of 19-day fetal rat lung
after they were exposed to 1.0 mM aminophylline for 48 hours.
They found an increase of cheline incorporation into SP, but
the rate of choline inceorporafion into PC was thirty times
greater than that into SP. Varying the dose from 0.5 to
5.0 mM had little affect on the rate of choline incorporation.
They also found a slight increase in the amount of disaturated
PC from aminophylline treated cultures, In an experiment
using pregnant rabbits, Barret et al. (1976 - from Gross,
1977% showed an increase in cAMP and stimulation of choline
incorporation into PC in fetal lungs after pregnant rabbits
were treated with aminophylline., In a similar experiment,
Karotkin et al. (1976 - from Gross, 1977) found that when
pregnant rabbits were injected with aminophylline, there was
an increase in lung lavage phospholipid. They also found
that aminophylline did not increase the number of lamellar
bodies in the type II cell. Gross and Rooney {(1977)
demonstrated an age dependence for the effects of amino-
phylline. At 19 days of gestation, aminophylline had its
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maximum effect on choline incorporation into PC and SP

in the fetal rat lung explants. At 18 days there was less
stimulation than at 19 days, and on days 20 and 21, the
effect of aminophylline decreased. Gross and Rooney (1977)
looked at the effects of amirophylline on two enzymes
involved in PC synthesis, After a 43 hour exposure to

this agent, they showed no effect on the activity of choline
kinase or cholinephosphotransferase. Shapiro et al. (1977 =-
from Gross, 1977) using human alveolar tumor cells in
monolayer culture found that cholinephosphotransferase
activity was not affected by theophylline, and that choline
kinase activity may be inereased by theophylline. (See
Table 3 from Gross (1977) summarizing the effects of
theophylline., Note that many of the observations made about
aminophylline are also true of theophylline),.

The influence of dibutyryl cAMP on lung tissue phospho-
lipid synthesis is similar to the effects of aminophylliine
or theophylline on lung tissue, Gross and Rooney ?1977)
obgserved a 77% increase in choline incorporation into PC
and a 53%% increase into SP after fetal lung explants were
exposed to 0.2 mM dibutyryl cAMP for 48 hours. Using a
different system, Hallman (1977) has studied the effects
of cAMP on phospholipid synthesis and on the distribution
of phospholipids. Hallman (1977) always used theophylline
along with cAMP, and used PG as the main index for change
because of PG's functional importance to surfactant. ILung
slices from perinatal rabbits which were treated with cAMP
showed an increase in the rate of labeled palmitic acid and
labeled glycerol incorporation into PG as compared to controls.
The rate of palmitate incorporation showed a greater increase
with cAMP treatment than glycerol incorporation. Hallman
(1977) also observed an age dependence for the effects of
cAMP. Lung samples were taken from 26, 28, and 30 day old
fetuses, at the time of birth, and from 10 day old rabbits.
The most significant effects of cAMP on incorporation into
PG occurred between the 28th and 30th fetal days. When
28 and 30 day old fetuses gere removed from the uterus
and kept in room air at 30°C for one hour before incorporation
studies were done on the lung slices, the 28 day old fetal
lung slices showed a significant increase in glycerol and
palmitate incorperation into PG after cAMP treatment. Thirty-
day old fetal lung slices did not show a significant increase
in incorporation. Hallman (1977) also studied glycerol and
palmitate incorporation into PC and PI in response to cAlP
treatment, Cyclic ANMNP treatment appeared to cause a decrease
in incorporation into PI (see Table 2 from Hallman (1977)).
According to Hallman's comments in the body of the paper,
palmitate incorporation into PC significantly increased
between the 26th and 30th fetal days with cAMP treatment.
However, Table 2 (Hallman, 1977) showed this to be true
of glycerol, not labeled palmitate. Thus, these results
did give scome indication that perhaps PC synthesis was
enhanced by cAlMP treatment as Gross and Rooney (1977) have
found.
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Table 3. ;(from Gross, 1977)

© TABLE 3. Comparison of the known effects of corticostercid and theophylline on lung
phespholipid synthesis

Sieroid - T'heophylline References
Lung phosphatidyicholine synthesis Increased Increased 2.5
Lung lavage total phospholipid content Increased Increased 15, 22
Lung lavage phosphatidyicholine:
sphingomyelin ratio Increased 22
Alveolar type I cell lameilar bodies Increased No change 15, 14, 28
Lung surface 1ension Decreased Decreased 15, 17
In cutinee:
Phosphatidylchnline syothesis Inereased Inereased ha, 24, 26
Sphangomvelin sytvhesis © No eflent Increased 10, 24, 26
Engy nw activities:
Chaline kinase No effect (?) increased 10, x4, o2
Chalinephosphare '
cytidvivitransierase Increased : 22
Cholinephosphotransferase {?) increased No effect 1.5, 10,22, 24
Lysolecithin acy liransterase lncreased 22
Phosphatidic wid phosphatase Increased !
Glyceralphosphare )
phosphatidyltransferase Increased 23

" Table 2. (from Eallman, 1977)

i Tatle 2., Iacerporazica of /7.7 glycerol and /187 malmitate
into lecithin and phosphatidylinositol is lunsg slices

from rabbits of differcut ages

Divutyryl | DPM/amoles total phosvholipid
eyclic AP . '
Lecithin mos-hasiayi-
ioziveol
34 The 3y 4o
Fetus, 26 days - 164412 (6) 220210 | 7043 2531
+ 181%10 343517 | 6835  24%
Fetus, 28 days = 13629 (10) 676334 | 99%8  59%4
+ 15248 631229 | soty® u9¥y*
Fetus, 30 days - 15557 (6) 481220 | 76%2 522
+ 16529 466517 | MEZ 4631
lewborn, 10 - 89%2 (4) 426531 | 6233 4033
days + 8126 uBok27 | s6f2  33%3

For experimental detalls see METHODS and Table 1.
®p< 0.1 as compared to that without cyclic AMP.
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Hallman (1977) has also reported some important
obgervations regarding the distribution of surfactant
in response to cAMP. Twenty-eight day o0ld premature fetal
rabbits were injected with cAMP intraperitoneally at birth.
These rabbits were allowed to remain in room air for one
hour., During the first hour after delivery, controls had
retractions and cyanosis, but rabbits which had received
cAMP were acyanotic and had no apparent respiratory distress.
One hour after cAMP treatment, 10.2% of the total lung
phospholipids were found in the alveolar wash whereas only
6.5% was found in alveolar wash from controls. There was
a higher PC/SP ratio in the alveolar wash than in the
residual lung in both controls and treated animals. Hallman
(1977) reported a very low SP content in wash and residual
lung, and that 49% of the total PC from controls and 54% of
PC from treated animals was disaturated. This apparently
indicated that the material recovered from the lavages was
mostly surfactant. PG in alveolar lavage was detected one
hour after cAMP treatment but this phospholipid was almost
absent in the controls. The percent distribution of other
phospholipids (such as PI, PE, and PS) in alveolar wash and
in residual lung d4id not show a significant change with cAMP
treatment. Hallman (1977) also found that PG appeared in the
alveolar wash even if 0.5 mg of puromycin was given 5 minutes
before cAMP injection. Thus, cAMP appeared to stimulate
secretion of surfactant even in the absence of new protein
gynthegis.

From the studies discussed above, the following conclusions
can be drawn: 1) aminophylline (AM), theophylline %TH), and
cAMP appear to stiamulate PC synthesis and SP synthesis; 2) AM
increases lung lavage phospholipid; 3) AM does not affect

the number of lamellar bodies of type II cells; 4) there is

an age dependence for the effects of AM and cAMP; 5) AM does

not appear to affect choline kinase or cholinephogphotransferase
activity, but TH may affect choline kinase; 6) cAMP appears

to stimulate PG synthesis; 7) cAMP appears to stimulate
secretion of surfactant lipids; and 8) cAMP can stimulate
gecretion of surfactant lipids in the absence of new protein
synthesis,

In comparison with corticosteroids, it can be seen that
corticostercids share the ability to stimulate PC synthesis,
lack the ability to stimulate choline kinase activity (Rooney
et al,, 1976; Oldenborg and Van Golde, 1977), and lack the
ability to stimulate cholinephosphotransferase {Brehier et
al., 1977; Rooney et al., 1976; Rooney et al., 1975) {according
to Oldenborg and Van Golde {1977) this enzyme can be
gtimulated by dexamethasone). Recall in the section on
corticosteroids that there was an age dependence for their
effecta. The apparent stimulation of PG synthesis and
secretion in response to cAMP is comparable to the increase
in PG found in fetal rabbit lung lavage after corticosteroid
treatment by Rooney et al. (1976). Rooney et al. (1975) also
found an increase in glycerophosphate phogphatidyltransferase
in fetal rabbit lungs when fetuses were injected with
cortizosteroid. {(This is the rate limiting enzyme in PG
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gynthesis (Hallman and Gluck, 1975b; Kiyasu et al., 1963 =~

from Hallman, 1977)). In contrast to cAMP studies,
corticosteroids do not stimulate SP synthesis (Smith et al.,
1974 - from Gross, 1977), and corticosteroids cause an

increase in the number of lamellar bodies in type II alveolar
cells (Gross, 1977). Thus, it appears as though cortico=-
steroids and AM, TH, and cAMP share some characteristics.
However, AM seems to have a less specific effect on lung
Phospholipid synthesis by virtue of the fact that it stimulates
both PC and SP synthesis (Gross, 1977). Normal maturation

of the lung and development stimulated by corticosteroids

gshows an increase in the L/S ratio possibly due to increased

PC synthesis but not SP (Rooney et al., 1976). Corticosteroid(s)
and cAMP may work together in bringing about surfactant
production in normal development. However, lung maturation

is probably not only influenced by these two factors. Cyeclie
AMP activities in response to other hormones suggest & more
complex system of development.

Cyelic AMP is the mediator of several hormones including
glucagon and epinephrine (Lehninger, 1976, pg. 811). Formation
of cAMP is the first step in stimulation of glycogen break-
down by epinephrine and glucagon in liver cells (Lehninger,
1976, pp. 814-816). It is possible that cAMP promotes
glycogenolysis in lung cells, perhaps in response to these
hormones or some other agent. One observation made by
investigators is that there appears to be less glycogen storage
in lung cells and more lamellar bodies as the lung matures
(Gross et al., 1977 - from Gross and Rooney, 1977). Therefore,
it is possible that cAMP promotes glycogen breakdown in the
lung cell, thus making more glucose available to go into
formation of lipids (Gross, 1977). Cyclic AMP activates
certain enzymes in the glycogen breakdown pathway in response
to glucagon or epinephrine (Lehninger, 1976, pp. 814-816?.

That may be cAMP's mechanism of action in lung cells.

The insulin-cAlMP balance in lung tissue may have an
effect on regulation of lipid synthesis and degradation.
Insulin promotes glycogen synthesis and cAMP promotes glycogen-
olysis. The balance of these two agents may control the
amount of glucose available as substrate for lipid synthesis.
loxley and Longmore (1977) suggest that new enzyme synthesis
is probably not responsible for insulin's action on lung cells.
Similarly, Hallman (1977) suggests that new protein synthesis
is not responsible for cAMP's effects. These chservations
indicate that cAMP and insulin may be related in their
mechanism of action.

The effect of insulin on lipolysis may be related to

cAMP content, alsc (Lehninger, 1976, pg. 821). Epinephrine,
glucagon, and other hormones are known to stimulate lipase
activity in adipose tissue by causing an increase in cAMP

in that cell (Lehninger, 1976, pg. 817). The presence of
insulin causges a decrease in cAMP and an increase in c¢GMP in
fat cells {Lehninger, 1976, pg. 822). Insulin is also known
to inhibit lipolysis (Lehninger, 1976, pg. 821). Cyclic AMP
may stimulate lipase activity, thus providing additional fatty
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acids and glycerol for phospheciipid synthesis in lung cells.
If lung cells «ontain insuliin receptors, then insulin bound
cells may have a decreased caMP content, lower lipolysis, and
less phospholipid synthesis. It is also possible that insulin
may act by lowering the cAMP level in fat cells, thus reducing
lipase activity and the amount of free fatty acids transported
into the bloodstream to be made available for phospholipid
synthesis. However, this would not entirely explain results
from in vitro experiments. Aside from this, the balance
between insulin and cAMP may be involved in regulation of
surfactant production.

Up to this point, it appears as though corticosteroids,
insgulin, and cAMP content may be involved in regulation of
surfactant production with some degree of relatedness. Some
corticosteroid and cAMP effects parallel each other. Insulin
oppcses the action of corticostercids (see section on insulin).
Insulin and cAMP have opposing effercts. In the next section,
anothar possible mode for cAMP action will be proposed in
relation to yet ancther agent.

Prostagiandins are a class of molecules which have many
diverse functions., These molecules are cyclic derivatives
of certain uwnsaturated fatty acids having 20 carbon atonms
(Lehninger, 1374, pg. 686). TFigure 24-33 from Lehninger
(1976, pg. 688) shows where prostaglandins lie in relation to
varicus otner lipids whose precursor is acetyl-CoA. Figure
2 from Mathd et al., (1977) shows the principal pathways of
progtaglandin synthesis and catabolism.

Mueh of the research invelving these molecules hag dealt
with their stimulation of vasodilation or vasoconstriction.
However, lcokxing at the effects of various prostaglandinsg on
callP? concentrations and data showing the prostaglandin
proriles, some testable hypothezes can be made about the
effecty of prostaglandins on surfactant production.

Pace~Asciak (1977) along with his co-worker Rangara]
(1977,1978) have done much research in this area. In recent
years they have developed profiles of various prostaglandins
in organs of different animals. Also, Pace-Asciak (1977)
has done research on the metabolism of different prostaglandins
in fetal sheep lungs. He studied PGE, and PGF,«, the main

rostaglandinsg produced in sheep lungs and various tissues

Pace- Asciak and Rangaraj, 1978). He studied these two
prostaglandins in fetal sheep ranging in age from 40 days
gestation to term (140 days gestation). In general, he
found that the total PGEz and PGF,, (PGE2 + PGFax )
concentrations increased with increasing gestation. The
40 day lung formed more PGFyy than PGE;, but production of
PGE, continued to increase with greater age until at term
both prostaglandins were being produced in almost equal
anounts. He also found that "EGFu. catabolism occurred
mainly by the PGi5-hydroxy dehydrogenase pathway." The
activeiy of this enzyme remained constant up to about 80
days., A% S0 days there was a sharp increase in enzyme
activity wriil term when it decreased back to the 40 day level
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Pigure 24-=33 (from Lehninger, 1976)
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of activity.

Pace-Asciak (1977) suggested that the increase in
prostaglandin catabolism around 90 - 116 days may have
been due to 1) an increased requirement to inactivate
circulating prostaglandins (one of the functions of adult
lung according to a reference which he cited and Mathe et
al., (1977)) because more blood flows through the lungs at
that stage of development, or, 2) an increased requirement
to inactivate and control levels of prostaglandins
originating within the lung because these might be crucia.
to maintain pulmonary vessels in the relaxed state. PGE:z2
may function as a potent vasodilator because the ratioc of
PGE, to PGF,x shifts toward PGE; when the proportion of
cardiac output increases to the lungs.
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Figure 2. (from Mathé et al., 1977)
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Figure 2. Principal Pathways of Prostaglandin Synthesis and Catabolism.

i

A% approximately 110 - !*6 days sheep lung begins
canalicular develonment, and type II alveolar cells begin

to differentiate at about 110 days in preparatlcn for surfactant

productlon. Recall that there is a rise in PGEz formation
and in prostaglandin catabolic activity at this stage of
development. PFace-Asciak (1977) proposes that if PGEj

is 1mnortant to type Il cell differentiation and to pulmonary
"hﬂmodjnamlcs " then one might expect the "half-life" of

PGE2 to decrease as target sites for PGZ; action might become
overly sensitive to this compound, (Increased sensitivity

to cther vasodilators nas been reported at about 90-100 days
(Pace-Asciak, 1977)). Corticostercids are known to accelerate
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lung maturation and to inhibit prostaglandin synthesis.
Pace-Asciak (1977) suggests that corticosteroids may mimic

the action of prostaglandin catabolic enzymes by maintaining
low levels of prostaglandins during this pericd of development.
Mathe et al. (1977) suggest that cortocosteroids may act to
decrease prostaglandin release by stabilizing membrane
phospholipids, thereby decreasing the supply of available
substrate for prostaglandin synthesis. It is possible that
maintenance of the proper level of prostaglandins, esgspecially
PGE,, may help to regulate type II cell development.

Now that the proposition concerning a possible role of
prostaglandins in surfactant production has been made, further
speculation may be made on a mechanism of action. One
mechanism which seems plausible is the possibility that
prostaglandins partially regulate surfactant production by
controlling the level of cAMP in the cell. The relationship
between cAlP and prostaglandins has been demcnstrated in
several ways. PGE; is thought to serve as an intermediate
messenger between the cell surface hormone receptor and the
membrane-bound adenylate cyclase in some target cells :
(Lehninger, 1976, pg. 817). PGA; inhibits adenylate cyclase
of intestinal cells by binding to specific sites on the
enzyme (Lehninger, 1976, pg. 817).

Now that the groundwork showing an apparent link between
prostaglandins and cAMP has been laid, a proposed mechanism
can be discussed. The concentration of prostaglandins
(particularly PGE) in the lung may increase at approximately
the time of alveolar type II cell differentiation., This
increase in concentration may be due to more prostaglandins
carried into the lung by greater pulmonary circulation, or
due to increased synthesis of prostaglandins (prostaglandins
are not stored in the lung (Mathe et al., 1977)) in the lung.
This increase in PGE may cause an increase in adenylate
cyclase activity in the type II alveolar cell. The resulting
inerease in cAMP concentration may then stimulate glycogen
breakdown in the cell (see previous discussion), thus providing
additional substrate for surfactant production, and a stimulus
for surfactant secretion. Recall that cAMP apparently
stimulates surfactant production and secretion (Gross
and Rooney, 1977; Hallman, 1977). A slight variation of
the above mechanism may provide for hormonal influence. The
increase in PGE concentration may provide a greater number
of messengers between the cell surface hormone receptor
and membrane-bound adenylate cyclase in the type II cell.

As was mentioned previously, PGE, apparently has this ability
{(Lehninger, 1976, pg. 817). Corticosteroids may act to
control the level of prostaglandins by increasing catabolism
as proposed by Pace-Asciak %1977). In monkey lung, 15-PGDH
(15-hydroxy prostaglandin dehydrogenase) was not affected

by steroids, calcium and cAMP, but was activated by thyroid
hormones (Mathe¢ et al.,, 1977). Thus, it is possible that
thyroid hormones act to control prostaglandin levels by
stinulating their catabolism.

At this point, evidence for a role played by prostaglandins
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in surfactant production and/or secretion is highly
speculative. Prostaglandins have diverse effects and act

on several types of cells., OStudies need to be performed to
show whether or not specific types of prostaglandins affect
surfactant production and/or alveolar type II cell development.
Perfusion of fetal lungs with specific types of prostaglandins
followed by biochemical analysis for disaturated PC and
morphologic examination of the type II cell, would provide
preliminary evidence for or against prostaglandin involvement
in surfactant production. Assaying cAMP concentration after
prostaglandin treatment would indicate whether or not the
proposed mechanism is plausible. A direct correlation

between the presence of prostaglandins and surfactant
production, and/or secretion, should be demonstrated before
any further speculation or conclusions can be made.

In previous sections, the effects of different hormones
cr other agents on lung development have been discussed. This
section will include discussion of how manipulation of an
animal's dietary intake may affect surfactant production.
These studies will be grouped according to the age of the
animal tested. .

Gross (1977) reviewed this topic and provided some of
the information to follow. Pregnant animals have been fasted
or given a nutritionally limited diet in order to see what
changes would result in fetal lung development. Faridy
{1975 = from Gross, 1977) found a decrease in PC conteni of
fetal rat lungs (expressed per unit lung or DNA) when pregnant
rats were fasted for four days or given a low protein diet
for longer periods. He also observed that the minimum surface
tension of lung extracts was increased in undernourished
animals. If newborn rats were allowed to breathe for 10 hours,
these changes disappearsd. Hawrylewicz et al. (1975 - from
Gross, 1977) showed a decrease in cholinephosphotransferase
activity in fetal rat lungs when the mother was deprived of
protein. A decrease in PC such as that seen by Faridy
(1975) might be expected with a decrease in this enzyme's
activity. However, Gross (1977) studied fasted pregnant
rabbits and found no change in the rate of PC synthesis or
in PC content of fetal lungs.

The results from experiments on pregnant animals
provide two opposing views. One side says that there 1is
a decrease in PC and the other says that there is no change
in PC when pregnant animals were fasted. Differences in the
species of animals tested may explain differences in results.
There may be some sort of biochemical factor which is not
shared by both species which would account for these results.
A more plausible explanation may be derived from differences
in the length of gestation. The rat has a shorter gestation
period than the rabbit. Short periods of fasting may bring
about magnified changes in the rat, but not in the rabbit.
Differences in experimental method may also account for
the opposing views.

The effects of fasting have also been studied in newborn
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animals. Gross et al. (1978) studied changes in phospholipid
synthesis brought about by fasting newborn rabbits. Thirty-
day-old rabbit fetuses were delivered by Caesarian section,
then placed in an incubator designed for human newborn infants,
and kept there for three days following birth. These rabbits
were fed periodically by & gavage technique, or were fasted
during this time. The results from their experiments are
summarized in Table 13,

The observation that fasting had no effect on total
phospholipid or on PC or disaturated PC from lung lavage
or lung tissue when results were expressed per mg protein
may be misleading. Gross et al. {1978) found a 10% decrease
in lung protein from lung tissue after 72 hours of fasting.
A decrease in lung phospholipids may not be seen if there had
been a concomitant decrease in protein. DNA content was found
to be the same in fasted and control animals after fasting
for 72 hours. When results were expressed per lung or per
UNA, a decrease in lung tissue phospholipid was revealed in
fasted animals.

Whether results were expressed per mg protein, per lung,
or per DNA, there was no apparent change in the phospholipid
content of lung lavage in fasted animals. The lack of change
may have been due to a delay in the appearance of newly
synthesized PC in lung lavage as suggested by Gross et al.
(1978). Newborn rabbits were injected with labeled glycerol
to follow PC turnover. Specific activity of lung tissue
PC reached a peak at six hours then declined during the rest
of the 72 hour period. Specific acitivty of lung lavage
reached a peak at 24 hours, and slowly declined over the
rest of the 72 hour period., There was no significant difference
between curves for control and fasted animals. Glycerol is
rapidly metaboclized by the lung, so the delay in lavage PC
appearance was probably not due to recycling of glycerol
(Gross et al., 1978). The delay in lavage PC appearance was
probably due to the time needed for new PC to go into lamellar
bodies of type II cells then be secreted. The absence of
a change in lavage PC content in fasted animals probably
hags to do with the fact that it took at least 48 hours of
fasting to see a decrease in the rate of PC synthesis, and
that there was an additional delay in the appearance of new
lavage PC. (Hewborn rabbits did not survive more than 72
hours of fasting).

From these results, Gross et al. (1978) concluded that
fasting did not appear to decrease alveolar surfactant in the
newborn rabbit. By the time a major change in surfactant
could oceur, the animal would probably be dead. This supported
the findings of Gross (1977) in which he found no change
in the rate of PC synthesis or in PC content of fetal rabbit
lungs in experiments with fasted pregnant rabbits. Their
results differed from Faridy's (1975 - from Gross, 1977)
studies in which he found a decrease in PC content of fetal
rabbit lungs when pregnant rats were fasted.

Studies regarding the effects of fasting on adult lung
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Table 13. Summary of Tesuvlts Trom Gross et al. (1978)
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indicate a decreazse in surfactant content. Garbagni et al.
(1968 ~ from Gross, 1977) fasted adult rabbits for four days
and found a decrease in the bubble stability ratio (sometimes
used as 2 measure of lung surfactant). Faridy (1970 - from
Gross, 1977) studied the effects of fastingz on adult rats and
found increased surface %ension in lung extracts. He alao
found a decresase in deflation stability of lungs from

fasted rats. Vhen results were expressed per unit DNA,

he discovered a decrease in lurng 2C. Kyriakides et al. (1976 -
from Gross, 1977) determired that there was a lower percentage
of disaturated FC in lung tissue and lavage but no change

in <otal lung 2C when rats were fed a2 diet lacking essential

fatty acids. These changes were reversed when rats were fed
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a diet including these nutrients. Gross et al. (1976, 1975b -
from Gross, 1977) have studied the effects of nutrition on
phospholipid synthesis in weanling rats (21 days old). Rats
fasted for 60 hours showed 33% decrease in lung protein but

no change in. DNA. After 60 hours of fasting or feeding of
pure glucose, pure fat, or pure protein, there was a decrease
in both lung tissue and lung lavage PC when results were
expressed per lung or per unit DNA, but not when expressed
per unit protein or weight. The activity of cholinephospho-
transferase and acetyl-CoA carboxylase was decreased in fasted
animals, but normal in glucose-fed animals, Fatty acid
synthetase activity was decreased in fasted and glucose-fed
animals, From these results Gross (1977) concluded that
fasting causes a decrease in cell size but not cell number,
and the PC content of lung tissue and lavage appears to
decrease per cell but not per unit mass,

From the above studies on fetal, newborn, and adult
lungs and the effects of fasting, no definite conclusions
can be drawn. Experiments performed with pregnant rats
indicate that a deficient diet decreases surfactant PC and
the activity of cholinephosphotransferase in fetal rat lungs,
and causes a decrease in surface tension of lung extractsa.
However, Gross (1977) found no change in the rate of PC
synthesis or in PC content in fetal rabbit lungs when the
mother was fasted. There does appear to be an effect of
fasting on lung surfactant prcduction in fetal rats, and it
is possible that changes occur in fetal rabbits whose mothers
are fasted but that Gross (1977) simply did not detect it.
The preliminary report which Gross (1977) cited as giving
the above results nn fasted pregnant rabbits was not further
referenced or detailed in his text.

The study on fasted newborn rabbits by Gross et al. (1978)
revealed only a slight decrease in phospholipid of lung tissue
but no change in lavage when results were expressed per unit
ONA or lung. They found a decrease in choline incorporation
into PC and 3P but an increase in total PC and disaturated
PC (expressed per mg protein) in lung lavage 48 hours after
birta in both control and fasted animals., Gross et al. (1978)
concluded that fasting had no effect on lung surfactant
content in newborn rabbits.

3tudies on the adult lung and effects of deficient
diets reveal that a lack of nutritional balance affects the
phospholipid content of the lung and an apparent deficiency
in lung surfactant asevidenced by greater surface tension
of lung extracts, decreased deflation stabililty and a decreased
bubble stability ratio. Also, the activity of enzymes
involved in phospholipid synthesis were decreased in fasted
animals. This is similar to the results of Hawrylewicz et
al. (1975 ~ from Gross, 1977) who found a decrease in
cholinephcsphotransferase activity in fetal lungs when
pregnant rats were fed a protein deficient diet,

The studies discussed above do indicate that nutritional
variation plays a role in pulmonary surfactant production.
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It appears as though the most fruitful studies would involve
a nutritionally restricted diet rather than total fasting.

A study such as this would allow experiments to cover longer
time periods. Also, other phospholipids making up surfactant
should be analyzed for changes due to nutritional wvariation.
Because PG is functionally important to surfactant, this
phospholipid should be included in such an analysis. Much
more research into nutritional variation must be done before
the importance of this factor in surfactant production can

be fully realized.

To summarize this section on factors affecting surfactant
only the most significant points will be repeated. (This
discussion will only include thosgse factors mentioned after
corticosteroids). Pilocarpine was shown to stimulate secretion
of surfactant in fetal lung explants. This plus other studies
suggests some neurohumoral influence on surfactant secretion.
Thyroxine appears to have an effect by accelerating the
development of type II cells (i.e. as indicated by their
morphological aprearance), and apparently increasing
surfactant secretion, but it was not shown to have an effect
on surfactant synthesis. The induced diabetic state was
shown to decrease the amount of glucose incorporated into
certain lung lipids, including PC and PG. Insulin restored
the ability of diabetic rat lungs to incorporate glucose into
lung phospholipids. Insulin was alsc shown to have an opposite
effect from corticosteroids in various lung cell preparations.
Six conclusions were drawn from the AM, TH, and cAMP studies.
These included an apparent gtimulation of PC and SP synthesis
by these agents, stimulation of PG synthesis by cAMP, and
apparent stimulation of surfactant lipid secretion by cAMP,

It was proposed that cAMP may have an effect by promoting
glycogenolysis and thereby making more glucose available

for lipid production. The insulin-cAMP balance in terms of

a possible regulatory effect was discussed. It was proposed
that certain prostaglandins may play a rocle in type II cell
differentiation based mainly on coincidental development of
type II cells and prostaglandin presence plus catabolie
activity of prostaglandin. Some speculation was offerred

on a possible link between prostaglandins and cAMP in the
development of the surfactant system. Finally, nutritional
effects on the surfactant system were found to differ

between investigations. 1In some cases, nutritional
deprivation appears to have a negative effect on the surfactant
system.
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VI. PROPOSED RESEARCH

The final section of this report will outline several
proposed in vitro experiments. With the techniques presently
available, detailed studies may be performed on in vitro
models to test their validity and demonstrate possible lung
cell functions. These are the basic aims of the following
experiments. Three basic experiments will be outlined, but
they are essentially variations on the same theme. This is
meant to be more of a rough outline of experiments including
references which may be useful in carrying them out.

Experiment A. -Surfactant Activity in the Type II Cells of
Developing Lung

The purpose of this experiment is to establish the
"normal ‘behavior" of fetal and newborn type II cells upon
igolation and in primary culture. Different assays for
surfactant production will be described. The normal activity
of type II fetal lung cells will be an important standard
against.which to measure the validity of other lung cell
culture models. It will also reveal the changes in this
population of cells during develcopment. To this author's
knowledge, few studies have been published on fetal type II
cell populations.

Materials and Methods:

Animals: Rabbits are the animals of choice for this experiment.
If_musftbe kept in mind that fetal lung does not contain a

high percentage of type II cells until late gestation, and
fetal rat or mouse lungs would contain a small quantity of
these cells by virtue of their size. Thus, in order to
optimize the number of cells available for isolation, the
rabbit should be used. This animal has been used in many
surfactant experiments, therefore results may be readily
compared.

Time of Sampling and Mode of Sacrifice: Pregnant rabbits
wnose time of conception is known within a few hours should be

anesthetized with intravenous sodium pentobarbital and the
fetuses delivered by Caesarian section (Gross et al., 1978)
when fétuses are 26, 27, 28, 29, 30, and 31 days old (term =
%1 days)., Newborn rabbits from 1, 2, 3, 5, 7, and 10 days
0ld should be sacrificed by the method of Mason et al. (1977)
using sodium heparin and sodium pentobarbital prior to
sacrifice (see that study for details - they used rats). This
study begins at day 26 of gestation because few type II

cells éxist any earlier. According to Wang et al. (1971)

at 24 days' gestation, only 6.8% of the cuboidal epithelial
cells display QOIB's and by 27 days, 16.5% have OIB's. A
later time for beginning these experiments may be necessary
if the yield of type II cells is not adequate to conduct
biochemical experiments.

_ The uteri should be removed from the anesfhetized pregnant
rabbit and fetuses delivered following the procedure of
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Hamosh and Hamosh (1977) to prevent breathing. Delivery of
fetuses and all subsequent steps in cell isclation and culture
should be done using aseptic technique in a "sterile” room

or under a sterile hood.

Removal and Isolation of L Cells: Iungs should be removed
from the newborn rabbits using the procedure of Mason et al.
(1977) whichk includes perfusion of ventilated lungs. Their
procedures for lavage, heavy-particle macrophage uptake,
trypsin digestion, minecing, and isolation of type II cells
by discontinuous gradient centrifugation should also be
followed. .

For lung removal and type II cell isclation from fetal
lungs the same basic procedure used by Mason et al. (1977)
may be used with some modifications. ILungs may be perfused
with the buffered salt sclution they describe but without
lung ventilation. (Note that heparin treatment was used
by Mason et al. (1977) in sacrifiecing animals and this
technique was used in sacrificing newborn rabbits. It
may be necessary to treat fetuses with heparin in order to
take full advantage of their cell isolation technique).
Lavage of the lungs and all further steps in type II cell
isolation may follow Mason et al. (1977). (Note: The
procedures outlined by Mason et al. (1977) were for isolation
of type II cells from adult rats, therefore scme modifications
may need to be made in wvolumes of solutions used and possibly
in concentrations).

Purification: The type II cell population obtained at the
interface between 1.04C and 1.080 density solutions using the
Mason et al. (1977) procedure are not pure. For cells to.

be studied in culture, differential adherence in primary
culture as described by Mason et al. (1976) may be used to
purify this population. (See more details below on plating
and maintenance)., For studying freshly isolated populations
of type II cells, the procedure of Kikkawa and Yoneda (1974)
may be used. (Note: They obtained a 95% type II cell
fraction after barium sulfate treatment of tissue blocks,
suspension, discontinuous gradient centrifugation, and simple
centrifugation., They did not perform biochemical studies on
these cells. This author dces not know if the population
would be large enough for biochemical characterization. -

If not, then one may use the Mason et al. (1977) procedure
for obtaining a freshly isolated cell population of type II
cells even though it is not entirely pure). Purity will be
determined as described by Mason et al. (1877). Viability
will be determined by trypan blue exclusion (Phillips, 1973).

Culturing: Type II cell cultures will be plated and maintained
as described by Diglio and Kikkawa (1977) using Dulbecco's
modified Eagle's Minimum Essential Mediuwm and 10% FCS
supplemented with gentamicin and fungizone. Diglio and
Kikkawa (1977) found that high density plating (>3 X 10¥
viable cells per sgq. cm) and attachment for 48 hours showed
greater attachment efficiency than lower density seeding
during shorter time periods. Their tzble on plating level
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can be used to determine seeding levels.

Experimental Analxsesi The fellowing analyses‘will be
rerformed on freshly isolated type II cells at each age
sampled and on 1, 2, 3, 4, and 5 day type II cell cultures

from each age sampled. (There is a five day limit on the
cultures under the conditions of Diglio and Kikkawa (1977)).

The 1lipid~composition of cells and lamellar bodies will
be determined as well as lipid synthetic activity using
labeled precursors. Purified fractions of freshly isolated
typé II-cells will be extracted according to Folch et al.
(1957)-as described by Rooney et al. (1974), Lipids will be
analyzed ‘by the procedures cutlined by Rooney et al. (1977).

- Cultured cells will be harvested by using trypsin then
sedimented, resuspended, and sonicated as described for
A549 cells in culture (Shapiro et al., 1978). Lipids from
these .cells . will then be extracted and analyzed according
to the procedures cited above.

~ Isolated purified fractions of type II cells, and
cultures of type II cells (harvested according to Shapiro et
al.. (1978)) may be suspended in a buffered sucrose solution and
homogenized ‘as described by Shapiroc et al. (1978). These
homogenates may then be used for isolation of lamellar hodies
according to the process of Gil and Reiss (1973) on discontinuous
sucrose gradients. These lamellar bodies will then be
- extracted with chloroform and methanol using Bligh and
Dyer's {1959) method. The lipids may be analyzed by the
procedures outlined by Rooney et al. (1977).

. :Lipid.synthesis in cultured type II cells may be followed
by using radioactive precursors. PC synthesis in type II
cell ciilturés may be assayed by using [*H]choline. The
paper By Smith (1977) on the A549 cell line may be used as
a:guide. for.fthe labeling and assay procedure. Using the
metheds he outlined, DSPC and total PC may be quantitated,
also.’ However, he demonstrated continuous uptake of the
label for 24 hours. It would be better to pulse these cells
one hour prior to sampling then chase them with unlabeled
choline. . The cells may then be assayed for label uptake
every hour for four hours to establish a rate of label uptake.

The .incorporation of labeled glycerocl may also be
followed in order to look at the synthesis of the primary
phospholipids . of these cultured cells., This author has not
been able  to locate a good paper showing this label being:
used "for Iipid synthesis in cell culture. Different amounts
of this label around the range used by Smith (1977) may
be tried for one hour periods to see which concentration is
best. _After the optimal labelling amount (uCi) has been
established, then the same basic procedure as ocutlined
above for choline may be used. However, other phospholipids
thati"PC ray be assayed for activity using the procedures of
Rooney et al. (1977) for isolation, and then using liquid
scintillation counting of these isolated, quantified lipids.
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If a2 sufficiently high number of freshly isolated cells
can be obtained (which may require freezing cells to get
enough), then the same basic procedures as outlined and cited
above may be used. However, cells will Be suspended in
medium with the label and shaken in a 37 C water bath for
pericds of incubation. After this, they will have to be
pelleted and rinsed with "cold" medium at least twice, then
reincubated with cold medium until time for lipid extraction
and analysis as outlined above for the different labels.
Extraction should be done on a medium=-free pellet of these
cells.,

various enzymea involved in the PC, DPPC, and PG synthetic
pathways will be assayed in the freshly isolated type II cells
and in the cell cultures.

Choline kinase activity will be assayed in the cell
homogenate. Isolated purified fractions of type II cells,
and type II cell cultures (harvested by the method of Shapiro
et al, (1978)) may be suspended in a buffered sucrose solution
and homogenized by the procedure of Shapiro et al. (1978).
Choline kinase activity may then be assayed by the method
of Rooney et al. (1976) based upon Weinhold et al, (1973)
techniques using liver. The assay involves the incorporation
of [methyl- "*C)choline into phosphocholine. The assay will
probably need to be scaled down because Rooney et al. (1976)
were working with homogenates of whole rabbit fetal lungs.

. . Cholinephosphate cytidyltransferase will be asssyed in
the soluble fraction of the homogenates obtained as above
for both cell cultures and isolated cells. Fractionation of
these homogenates to obftain a soluble fraction will follow
the methods of Rooney et al. (1975b) for differential
centrifugation. The agsay itself will follow the procedures
used by Rooney et al. 51976). They followed the incorporation
of phospho-imethyl- "Clcholine into CDPcholine. Here again,
the ‘assay was used for whole fetal rabbit lungs, so it will
need to be scaled down.

PAPase activity will be measured in the cell homogenates
as obtained above for both isolated and cultured cells. The
assay will follow the amount of inorganic phosphate released
from. phosphatidic acid. The procedure of Maniscalo et al.
(1978) (a modification of the Garcia et al. (1976) technique)

will be followed.

Cholinephosphotransferase will be measured in the
microsomal fraction of isolated and cultured cell homogenates
obtained as outlined above. The microsomal fraction will be
isolated by the method of Verekeyen et zal. (1972) using
differential centrifugation. The assay for this enzyme will
involve following the incorporation ¢f labeled choline
(cDP=-[Me=- '*C] choline) into 1,2-diacyl-sn=-glycerols. Oldenborg
and Van Golde (1976) appear to have overcome difficulties
in finding the optimal substrate and conditions for this
enzyme, so their assay method will be used. Several additional
references were cited by them in discussing their technique
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which will need to be obtained in order to complete the assay.

In brief, they synthesized 1,2-diacyl-sn-glycerols from egg

yolk PC, mouse lung PC, and synthetic 1,2-dipalmitoyl PC

using phospholipase C. This was the substrate for their

assay. They used a filter-~disc method of measuring incorporation
Goldfine (1966). (To check their results, lipids were

extracted then separated from this reaction mixture and it

was ‘determined that PC was the only phosphoglyceride labeled),

Phospholipase A; will be assayed using a modification of
the techniques employed by Longmore et al. (1979). First
type II cell cultures will be labeled with [1- #CJpalmitate,
U~ "Cloleate, or [1='*Cllinoleate for one hour. Incubation
of isolated type II cells with labels will be for one hour
in suspension. After the cells are labeled, they will be
homogenized by the technique eited above by Shapiro et al.
(1978)." After homogenization, the microsomal fraction
of the respective cell homogenates may be obtained by the
method of Vereyken et al. (1972) as cited above. Activity
of the phospholipase A enzyme on endogenous substrate may
then be followed using the method of Longmore et al. (1979).

LysoPC:1lysoPC acyltransferase will be assayed in the
105,000 X g supernatant (soluble fraction) obtained by the
methods of Oldenborg and Van Golde (1976) and Vereyken et al.
(1972) from isolated and cultured cell homogenates, prepared
as above. The soluble fraction will be incubated with
1=[1= "] palmitoyl-sn-glycero~3-phosphocholine and PC will
be assayed for this label according to the procedures of
Oldenborg and Van Golde (1976). '

Lyso=PC acyltransferase will be assayed in the microsomal
fraction obtained by the methods of Oldemborg and Van Golde
(1976) and Vereyken et al. (1972) from isolated and cultured
cell homogenates, prepared as aboye. The microsomal fraction
may then be incubated with [9,10-"H,]-palmitoyl-Coi plus
other compounds, and PC assayed for this label as described
by Oldenborg and Van Golde (1976).

Glycerolphosphate phosphatidyltransferase will be
measured in the homogenate of isolated and cultured type Il
cells obtained as above. The assay will be carried out
according to the procedure of Rooney et al. (1975a). It
will follow the incorporation of L- ['#C]glycerol 3-phosphate
into lipid. :

Electron microscopic and immunologic examination will
be made at the different developmental stages sampled. At
each stage of development sampled, cultured cells will be
fixed, embedded, and stained according to the procedure
of Douglas and Teel (1976) (who used organotypic cultures)
for electron microscopic examination. Cultured cells will
be fixed and embedded in situ. This method was chosen due
to the good preservation of TMS and other cell characteristics.
Isolated cells will be fixed, stained, and embedded according
to the procedure of Mason et al. (1977) at each stage of
ngelogment for electron microscopy.
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At each stage of development studied, type II cell
primary cultures will be "stained" with antibodies to rabbit
surfactant protein and examined under the electron microscope.
The procedure to be followed is outlined by Sueishi et al.
(1977). However, this procedure will be modified slightly
because tells and not tissue are being labeled with antibody.
Bagically this procedure involves injection of a fraction
characterized as surfactant from lavage fluid into ducks
to Bbtain“antibodies to SAM. This antisera is then absorbed
with“rabbit serum, and Fab' fragments of the anti-SAM 7S
f~globulin-are prepared.. The Fab' fragments are labeled
witheléctrdn dense horseradish peroxidase. After this, the
tissue is fixed and "stained" with conjugated Fab' fragments.
The modification of their procedure will involve fixing the
typerIIvcell cultures in gitu using a shorter fixation time

about one hour or less - the time used by Douglas and Teel

1976). . using 2.5% glutaraldehyde). After fixation the cells
may be washed immediately without cryostat sectioning, then
ipcupatgd'with”specific conjugate (anti-SAM Fab'-horseradish
peroxidase.labeled fragments). The rest of the procedure may
be followed as described in their (Sueishi et al., 1977)

paper.

-"Pinally, a RIA may be performed to quantitate the -
developmental increases in lung surfactant apoprotein in the
igolated and cultured type II cells. The methods followed
will ' be those of King et al. (1974). The main difference in
this experiment is that rabbit lung surfactant protein, not
sheep will be studied. Anti-rabbit SAM antibodies may be
obtained in: the same way outlined by Sueishi et al. (1977).
The.rest. of . the procedure may be followed pretty much.as
dgacribed by Kinget al. (1974) however, amounts may vary
due  to:the-fact that one is dealing with homogenized cells
and. not tissue, For cultured cells, the method of Shapiro
et.al. {1978) should be used to harvest cells. Cells may be
homeogenized using basically the same procedure of King et al.
(3974)"fo%¥ tissue homogenization. .

~ fne’'must.obtain an apoprotein from rabbit (or rat in the
experiment to follow) in order to perform this assay, and

it must be tested for purity. The methods of isolation

using sheep lung surfactant (King et al., 1974) may be followed
for the rsbbit and rat. However, it should be stressed that
the uniqueness-and purity of such a protein must be demonstrated
before. the. RIA is performed. A number of ways exist to
demonstrate. these characteristics. The methods used by King
et al,.(1974).may be used for this purpose. SDS-PAGE may be
used. to; demonstrate a2 single band and this will reveal the MW
of.the. protein.. Double=-diffusion immunoprecipitation in ‘
Q.75%, agaxose gels with apoprotein, and purified surfactant
against purified antisurfactant antiserum will also demonstrate
purity.

Experiment B. Characterization of Adult Lung Type II Cells,
- ' AB49 Cell Line, Clonal Cell Line

The main purpose of this experiment is to obtain results
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which may be compared to developing lung type II cells and to
cells grown under altered conditions. This experiment should
also establish the wvalidity of cell lines for use as models
of normal type II cell activity. The basic techniques will
be very similar to those used in the first experiment.

Materials and Methods:

Animals: The adult rat will be made use of in this study. It
will have an adequate yield of type II cells, may be readily
compared with other studies with this animal, and would seenm
to cost less to use than rabbits. In some ways they may be
eagsier to work with than rebbits. ,

Time of Sampling and Mode of Sacrifice: Adult rat lung type
Il cells will be s ied as freshly isclated and as primery
cultured cells. Adult rats will be sacrificed according to

the procedure of Mason et al. (1977) using sodium heparin
and sodium pentobarbital followed by transection of the zorta.

Cell line A549 cultures will be studied for a periocd
of 10 days after initiation of the subculture for comparison
with Smith (1977).

Clonal type II cell cultures will be obtained from adult
rats sacrificed as above.
!
Removal and Isolation of Lung Cells, Purification, Culturing:
Freshly isclated type Il cells and cells for further
culturing will be obtained by the method of Mason et al. (1977).
Purification of these cells may be performed as outlined in
experiment A, Culturing of these purified type II cells may
be performed by the methods cited in experiment A.

Cell line A549 may be plated at 1.5 X 106 cells in 75 cm2
culture flasks in minimum essential medium, and maintained
as described by Smith (1977). FCS will be added as well as
antimicrobial drugs (Smith, 1977) unless otherwise stated.

Clonal type II cell cultures will be obtained according
to the procedures outlined by Douglas and Kaighn (1974)
and Douglas et al. (1976). Lungs will be removed from rats
after sacrifice without being ventilated and perfused because
Douglas and Kaighn (1974) did not specify such treatment.
Tissue will be washed, minced, and further prepared according
to their procedures. FCS and antibiotics will be added to
the medium unless otherwise specified. This author could
not £ind out how long these cultures could be maintained before
they needed to be passed. It appears that these subcultures
reach confluence every 2 days.(Douglas and Kaighn, 1974).
For purposes of comparison, these cultures will be maintained
for 5 days if possible.

Experimental Analyses: The same basic procedures outlined
in experiment A will be followed here.

Lipid analysis will be performed on freshly isolated
type II cells and on cultured type II cells from adult rats.
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The A549 and clonal type II cells may alsoc be used in this
analysis.

Analysis of freshly isolated type II cells and {1, 2, 3,
4, and 5 day cultures of type II cells will be performed
according to procedures cited in experiment A for lipid
composition.

Cells of the A549 cell line will be assayed for lipid
composition before culturing according to the procedure for
isolated type II cells in experiment A. These cells will be
agsayed every 24 hours for lipid composition for 10 days
according to procedures cited in experiment A for type II
cell cultures.

Clonal type II cells may be assayed before and after
culturing azs above for the A549 cell line only they will be
assayed at 1, 2, 3, 4, and 5 days after subculturing from
the confluent clone growth.

Lamellar bodies from isolated type II cells, AB49 cells,
and clonal type II cells prior to subculturing will be
obtained and analyzed according to the procedures cited for
isolated type II cells in experiment A.

Lamellar bodies from cultured type II cells, AS49, and
clonal type II cells will be obtained and analyzed according
to procedures outlined for cultured type II cells in experiment
A at their respective time for harvest.

Labeling of isolated type II cells, A549 cells, and
clonal type II cells before subculturing with [*H}choline and
labeled glycerol may be done as described for isolated cells
in experiment A,

The cultured type II cells, AS549 cells, and clonal cells
in culture may be labeled for one hour prior to sampling time,
then assayed every hour for four hours for uptake into PC
(for choline) and into other lipids (for glycerol) as described
in experiment A. (Douglas has studied uptake of choline into
L-2 cells (Douglas et al. (1976)).

Enzyme activities will also be locked at in these cells.
Activities of the enzymes listed in experiment A may be assayed -
using the same procedures outlined in that experiment. '
Enzyme activities in freshly isolated, purified type II cells,
A549 and clonal cells prior to subculturing may be assayed
using the procedures outlined for isolated type II cells in
experiment A. Enzyme activities in cultured type II cells,
A549, and clonal type II cells may be assayed at their given
- sampling times using the methods cited in experiment A for
cultured type II cells. (Note: Douglas et al. (1976) studied
the activities of the CDP-choline pathway enzymes in IL-2 cells).

Electron microscopic and immunologic examination will be
performed with these cells. Freshly isolated cells, A549,
and clonal type II cells will be fixed, stained, and embedded
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régg)to subculturing using the procedure of Mason et al.
1 .

At each time point sampled, cultured type II cells,
A549, and clonal type II cells will beé fixed, atained, and
?mg$g?ed in situ using the procedure of Douglas and Teel

1 L3

For antibody "staining" the same basic procedure as
outlined in experiment A using the methods of Sueishi et al.
(1977) may be used here on cultured type II cells, A549,
and clonal cultured cells at each time point sampled.
However, in this case antibodies will be prepared to rat
surfactant. Adult rats may be sacrificed according to the
procedures of Mason et al. (1977), then lungs lavaged with
saline using the methods of Colacicco et al. (1973) for
rabbit as cited by Sueishi et al. (1977). This SAM may
then be used to immunize a duck, and the rest of the
procedure as outlined in experiment A may be followed.

Conjugated, antirabbit Fab' fragments may be used on
the rat type II cells, A549, and clonal type II cells to see
if there is some immunclogic crogs-reactivity in the
surfactant protein. The conjugated antirat Fab' fragments
may 21s0 be used on rabbit fetal and newborn cultures in
experiment A. '

The RIA will reveal changes in the quantity of surfactant
antigen with different culture times and will guantitate the
amount of surfactant antigen in adult and type II derived
cell line cultures. The difference between the procedure
outlined by King et al. (1974) and the procedure to be used
here is the fact that antirat SAM antibodies will be used.
These antibodies may be obtained according to the procedures
outlined above after Sueishi et al. (1977). 1Isolated cells
prior to culturing and cultured cells (harvested as in
Shapiro et al. (1978)) will be homogenized using the same
basic methods as King et al, (1974) for tissue. The rest of
?he7p§ocedure may be followed as described by King et al.

1974).

Experiment C. Effects of Hormonal and Other Agents on
Developing Type II Cell Cultures, Adult Type II Cells, A549,
' and Clonal Cell Cultures

The first two experiments described here provide a basis
for the knowledge of how culturing may change cell character-
istics (i.e. differences between isolated or non-subcultured
cells and the cultured "versions" of these same populations).
They also establish the "normal" behavior of these cells
under the conditions of isolation and culture used here.

In addition, differences between cells taken from developing
animals and from cell lines or adult animals can be compared.
The developmental changes in cells are studied, and differences
between cells of different species and cell lines are compared.

Having obtained this data, mechanisms regulating the
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functions of these cells may now be probed. An earlier
portion of this paper was devoted to the effects of hormones
and other agents on lung. Very little work has been done
with such agents using cell culture models. The purpose

of this experiment is to explore the mechanisms which may
control type II cell functionms.

Materials and Methods:

, The same cell cultures and assays described in the first
two experiments will be used here. The difference between this
experiment and the first two experiments is the use of
hormones and other -agents on surfactant related activities
in these cells.

Cell Cultures: Fetal and newborn type II cell cultures will
be established and maintained by using the methods outlined
in experiment A. Adult type II cell cultures, A549 cell
cultures, and clonal cell cultures will be established and
maintained as outlined in experiment 'B. There will be changes
in the composition of the incubation media used to maintain
these cultures as will be noted later.

Hormones and Other Agents: Six different hormones (including
cAMP and aminophylline), and four different "agents" capable
of inducing surfactant secretion will be studied alone and

in combination. These compounds will be listed here along
with some guidelines for their use. TFigures 19 and 20

show how these hormones and secretory agents will be combined.

Cortisol (C) has been shown to accelerate lung maturation
as well as stimulate choline incorporation into saturated FC
(Smith, 1977). Following the guide of Smith (1977), this
hormone will be used in a 10°6M concentration in all cell
cultures. A competitive inhibitor of glucocorticoid,
11=deoxycortisol (10~ M) will be added to media containing
cortisol to see if the effects seen were indeed due to
cortisol stimulation (Smith, 1977).

As was discussed in the section on hormones and other
agents, thyroxine appears to accelerate type II cell development
and possibly surfactant secretion. Wu et al. (1973) found
as they expected that thyroxine did not have an effect on lung
maturation in fetal rabbits when administered to the mother
(most thyroxine apparently does not cross the placenta).
However, direct injection of the fetus and amniotic sac with
this hormone did accelerate lung alveolar maturation and
apparent surfactant secretion. Taylor et al. (1979) used
thyroxine on organotypic fetal rat lung cultures to see if it
affected prostaglandin production. The concentration used in
that study was 107°*M. Therefore, 10-¢M L-thyroxine (Hamosh
et al., 1976 specified this in rat lung) will be used in this
study.

The role of insulin in lung maturation is not known.

As discussed in the section on hormones and other agents,
contradicting findings heve been made as to whether or not
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insulin enhances or inhibits alveolar maturation. Smith

et al. (1975) have shown that insulin antagonizes cortisol
action in cultured fetal lurng cells (used a monolayer culture
of trypsin-dispersed lung cells (Smith et al., 1974)).
Insulin had a slight positive effect on PC synthesis between
10 and 100 aU/ml, but reduced PC aynthesis in cortisol
treated cultures. Smith et al. (1975) used from 1 to 10C aU/ml
of insulin to demonstrate an effect. Taylor et al. (1979)
used 0.1 units/ml in organotypic cultures to look at
prostaglandin synthesis. This study will use 0.1 units/ml

as used by Taylor et al. {1979). .

Hamosh and Hamosh (1977) have shown that prolactin
injected into rabbit fetuses apparently stimulated total
phospholipid, PC, and DPPC content in fetal rabbit lung, but
did not affect overall body size, lung weight, DNA content.
of Iung, or protein content of lung. Taylor et al. (1979)
used” this hormone in a dosage of 10 ug/ml in their experiment
on preostaglandin production in organotypic fetal rat lung
culture, therefore, this study will employ the same concentration.

The cAMP phosphodiesterase inhibitor, aminophylline,
has been shown to stimulate PC and SP synthesis in fetal rat
lung organ culture with a slight increase in DSPC synthesis
(Gross and Rooney, 1977). They used 1.0 mM aminophylline,
however, 0.7 mM concentration will be used in cell cultures
of this experiment. Dibutyryl cAMP in these organ cultures
caused similar results. The cAMP was used in a concentration
of 0.2 mM, EHallman (1977), using 2 similar concentration
(0.25 mM) of cAMP in the presence of theophylline, demonstrated
an increase in PG synthesis in lung slices from fetal rabbits.
Therefore, this study will utilize the 0.2 mM concentration
of dibutyryl cAMP.

Acetylcholine, carbachol, iscoproterencl, and pilocarpine
have been shown to increase secretion of surfactant phospho=-
lipids. The following is a list of concentrations to be used
along with references for papers from which the concentrations
were derived:

- acetylcholine 1074 M (in presence of 1070 M ph{sostigmine,
an acetylcholinesterase inhibitor) (Smith, 1977
- atropine 10°*M (acetylcholine inhibitor - will be used
with acetylcholine to demonstrate that effects are due
to that compound) (Smith, 1977)
-~ carbachol 107¢M (atropine will alsc. be added to demonstrate
specificity) 4 '
~isoproterenol 10° M (will be used with propanolol to
demonstrate specificity of agent) (Smith, 1977)
- propanolel 10°YM (inhibits isoproterencl) (Smith, 1977)
- pilocarpine 107¢ M (same concentration used in fetal
lung explants - will 2lso be combined with atropine)
(Pysher et al., 1977).

Experimental:

Three different experiments will be described here.
The first one briefly tests the ability of hormones to replace
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FCS. The second one tests the hormones and media conditions
for effect on surfactant parameters. The third tests the
effects of various secretory agents on surfactant related
characteristics, plus it tests the combination of hormones
plus secretory agents for their effects on the surfactant
system.

Experiment a. FCS Replacement

In most every culture medium for growing cells, the
presence cf fetal calf serum (FCS) appears to be required at
least to get the culture started. To this author's knowledge,
the growth factor(s) of FCS which enable cells to grow in
culture is not known. However, hormones are likely to be a
rart of this serum which may have effects on cultures.
Therefore, to try and eliminate or reduce this unknown
factor in these experiments, an experiment will be performed
to test effects of hormones as possible FCS replacements.

The first part of this experiment will require adult
rat lung type II cells to be grown in culture as described
in experiment B. However, one of the hormones listed previously
or aminophylline or cAMP may be added to the medium at the
concentration specified above in the place of FCS, ZEvery
24 hours these cells may be observed for attachment, then
harvested by scraping with a rubber policeman and viable cells
counted using trypan blue exclusion (Phillips, 1973). The
cells may be maintained for 5 days (assayed every 24 hours)
if possible.

The second part of this experiment repeats the first
part only using a combination of hormones (including cAMP
and aminophylline). Combinations of 2, 3, 4, 5, and finally
all =ix hormones may be tried. Square A in Figure 19 shows
some of the possible comblnations and how others may be
derived.

These experiments may provide a clue as to what is present
in FCS that enhances growth of cultured cells, and may provide
information on requirements for type Il cell growth.

Experiment b. Type II Cell Culture Treatment with Hormeones
‘Fetal and newborn cell cultures isolated at the ages
specified in experiment A, adult type II cell cultures, clcnal

type II cell cultures, and A549 cell cultures will be
established as outlined in experiments A and B. However,
the timing and preparation for addition of hormone will
somewhat follow the method of Taylor et al. (1979) who looked
at the effect of various hormones on prostaglandin synthesis
in organotypic type II cell cultures,

The first part of this experiment tests the effects of
various culture conditions including the addition of a hormone
on different surfactant parameters.

Cultures should be seeded such that they reach
confluence at the third day in culture. An idea for
seeding densities may be determined from results in experiment A,
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Pigure 19. Possible Combinations of Hormones, Aminophylline,
and cAMP

(Note: Aminophylline and cAMP are often included the the term
"hormone" in discussing these experiments but of course these
are not actually hormones).

g 7 I P A cAMP (A)

o] g cI CP CA CcAMP

T TI TP TA TcAMP

I IP TA TcAMP

P PA PcAMP

A ACAMP

CAMP

e e e e e
! T I P A CAMP (B)

ol CTI CTP CTA CTcAMP
o1 CIP CIA CIcAMP
CP | CPA CPcAMP
CA CACAMP
CcAMP

TI TIP TIA TIcAMP
TP TPA TPcAMP
TA TACAMP
TeAlP

IP IPA IPcAMP
IA TACAMP
TcAlNMP

PA PACAMP
PcAMP

ACAMP

Three nore "squares" would need to be set up to obtain all
the permutations possible for combining these six compounds
(c, ?, I, P, A, cAMP). The pattern set by these two sanmple
squares may be followed to obtain the other three squares.

C = cortisol.

T = thyroxine

I = insulin

P = prolactin

A = aminophylline

CAMP = dibutyryl cAMP
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Cn day three of culture, fresh medium will be fed to
the cultures in the following scheme:

complete medium < 10% FCS, antibiotics, medium cited in
experiment A or B depending on culture

hormone < complete medium + specified amount of hormone
(this step will be repeated for each hormone)

-FCS 9 complete medium minus FCS

-antibiotiecs 5 complete medium minus antibiotics

-FCS -antibiotics < complete medium minus FCS and

_ antibiotics
=FCS +hormone < complete medium plus hormone and minus FCS
(this step will be repeated for each
hormone)

-antibiotics +hormone < complete medium plus hormone and
minus antibiotics (this step will
be repeated for each hormone)

-¥CS -antibiotics +hormone - complete medium minus FCS

and antibiotice plus hormone
(this step will be repeated
for each hormone).

These media will remain on the cultures for 36 hours. At the
end of that time the medium will be replaced as above only
without hormone added (i.e. =-FCS +hormone media will be replaced
with -FCS medium) for another 36 hours, then cultures will

be assayed for:

cellular lipid electron microscopy
lamellar body lipid antibody staining

lipid synthesis amount of surfactant (RIA)
enzyme activities secretion (to be deseribed)

according to procedures ocutlined in experiments A and B
depending on the culture being tested.

In addition to the hormones already discussed, the effects
of 11-decxycortisol (10~ M)on cortisol treatment will be
performed. Cortisol plus 11-deoxycortisol will be co=incubated.
As a control, 1i1-deoxycortisol will be incubated alone,
instead of hormone. The assays above should be done on the
control cells and cells incubated with both hormone and
inhibitor.

- The assay for secretion by cells treated according
to the above scheme is somewhat derived from Smith (1977).
For 24 hours prior to addition of hormones (i.e. during the
day two of culture) cells will have 1 mCi/ml of [“H]choline
added .to. the media (see above scheme). At the end of that
time, cultures should be washed three times with the media
to be zdded, and finally incubated with the media as outlined
above. At the end of the incubation periocd, cellgs and media
will be assayed for saturated PC labeled with [7H]choline
acecrding to the procedures of Smith (1977).

The second part of this experiment will essentially
repeat the first with the exception that hormones used in
the above media will be combined as cutlined in Figure 19,
For example, cortisol (107¢M) plus thyroxine {10-¢M) may
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be added in combination. After that, combinations of 3, 4, 5,
and finally all & hormones will be added to the same culture.
(The addition of 1T-deoxycortisol may be eliminated in these
subsequent experiments).

Experiment C. Secretory Agents

- This experiment has been broken down into four parts.
The first part deals with the effects of these agents on
various surfactant parameters. The second deals with the
secretory effects of several of these agents. The third part
involves the combined effects of hormones and secretory
agents on surfactant parameters and secretory activity. The
fourth part outlines how pilccarpine may be used alone
and in combination with hormones to study surfactant parameters
and secretion.

* The first part of this experiment involves the use of
acetylcholine, atropine, carbachol, isoproterencl, and
propanolol according to the procedure of Smith (1977) as
modified here.

Smith (1977) allowed only 15 minute incubation periods
using the above agents for expression of labeled PC secretion.
Because most of the assays performed in experiments A and
B are not as sensitive (not all involve labeled compounds)
as Smith's assay for secretion, the length of time following
addition of these agents will be lengthened.

Cell cultures will be grown to confluence in 25 cm®
flasks in complete medium (the growth medium specified for that
culture in experiments A and B). The media will then be
replaced with media minus serum and antimicrobial drugs for
48 hours., Cells will then be treated with the following
agents for 15 minutes in Hanks BSS after washing the cells
three times with Hank's BSS:

acetylcholine E+physostigmine;
acetylcholine (+physostigmine) + atropine
atropine

carbachol

carbachol + atropine

isoproterenocl

isoproterenocl + propanolol

propanolol.

Serum and antimicrobial drug free medium will be replaced after
washing the cells three times with Hank's BSS. Some cells

will be used in the assays outlined in experiments A and B

for lipid composition, lipid synthesis, morphology, and
presence of surfactant protein. Other cells will be maintained
in the above serum and drug free media and assayed every 30
minutes for a total of three hours after the end of agent
treatment.

. The second part of this experiment follows Smith's (1977)
assay for evidence of secretion. The effect that each of
these agents, listed alone or in combination with an inhibitor
above, on secretion will be tested exactly as outlined
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by Smith (1977) with the modification that the basic medium
used will be that specified in experiments A or B for that
culture type. Serum and antimicrodbial drugs will be eliminated
from these media as outlined by Smith (1977).

The third part of this experiment essentially repeats
the first two parts with the addition of hormone(s) as the
only modification. The first part of the experiment described
previously will be followed here with a few changes. After
the 48 hour incubation period with serum and antimicrobial
drug free medium, cells will be treated with C, T, I, P, A,
or cAMP in the medium (serum and drug free) for 24 hours
before addition of secretory agents. -

- The second part of the experiment will be followed as
outlined above (Smith, 1977) only C, T, I, P, A, or cAMP, will
be added during the labeling period. The combinations of
hormones and secretory agents to be used in this third part
can be found in Figure 20.

The fourth part of this experiment repeats the first
three only with pilocarpine. This author has not located
an article which tells how long pilocarpine may take to have
an effect on isolated cells, or if it even does have an
effect. Therefore, the basic outline of the first two parts
of this experiment will be followed for pilocarpine. Part
one will be followed as outlined only pilocarpine (1079M),
and pilocarpine plus atropine (10-*M) will be added to the
cultures. Incubation times with pilocarpine will be for 15,
30, 60, and 90 minutes. Part two will follow the procedure
of Smith (1977) as cited above. Of course pilocarpine,
and pilocarpine plus atropine will be used in the secretion
study. Fifteen minutes may not be enough time to see the
secretory activity elicited by this compound, therefore
incubation times of 15, 30, 60, and 90 minutes with pilocarpine
and pilocarpine plus atropine will be used. Part three will
be followed as outlined above for effects of hormones plus
secretory agerts only pilocarpine will be used. Both portions
of part three will be carried out according to the procedure
outlined above only pilocarpine incubations will be for 15,
30, 60, and 90 minutes,

These are just a few experiments possible using cell
culture techniques to study surfactant synthesis. Many
variations of the experiments outlined here are possible.

Some other agents which could be tested are the A23187
ionophore, colchicine, and vinblastine. The ionophore would
yield information on the role of Ca?* in lipid synthesis and/or
secretion. Colchicine and vinblastine may be used to see

what role MT's may play in surfactant synthesis and/or secretionm.
Protein synthesis inhibitors (such as puromycin, actinomycin

D, and cycloheximide) and metabolic inhibitors (such as
cyanide) are a few examples of the types of agents which may

be tested for their effects on surfactant synthesis and/or
secretion in these cell cultures. Prostaglandins may also be
tested.
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Figure 20. Possible Combinations of Individual Hormones.

with Individual Secretory Agents

C T I E A cAMP

AC | AC/C AC/T AC/I AC/P AC/A AC/cAMP

4 | CA/C CA/T QAT CA/P _ CA/A CA/cAMP

IS 18/C 15/7 I13/1 IS/P IS/A I1S/cAMP

¥I PI/C PI/T PI/I PI/P PI/A PI/cAMP
AC = acetylcholine (chollnergic (Smith, 1977))

CA = carbachol (cholinergic (Smith, 1977))

IS = isoproterenol (adrenergic (Smith, 1977))

PI = pilocarpine {cholinergic (see hormone + agent section)

Two o6ther culture systems which may be gquite useful
for further in vitro study are fetal lung organ cultures and.
organotypic culiure of fetal lung cells %Douglas and Teel,
1976). The problem with thése cultures is that the populations
are not pure. Naturally the organ culture has different
cell types, however, the organotypic culture appears to be
significantly enriched for type II cells. Once results from
the isolated type II cell cultures are obtained, then the
organ and organotypic models may also be tested to see if
similar results are obtained before making further in vive
tests.

One important aspect to keep in mind when working with
cells in culture is that their responses may not be unigue.
In several studies which Douglas has been involved in have
utilized other cell types under the same culture conditions
as the lung cells. Such "checks" will help to differentiate
between unique cell behavior and those characteristics due
to culture conditions.
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VII. FUTURE DIRECTIONS

The purpose of this report has been to give an overview
of the lung surfactant system. The approach used was that
of trying to provide examples of the types of studies
and results obtained in loocking at this system. Due to the
large volume of literature on this topic, such an approach
would naturally result in gaps of information. It is felt,
however, that some of the most important points about this
subject have been made.

Because each section of this report contained a summary
of pertinent points, they will not be reiterated here. 1I%
may be useful instead to try and identify areas where basic
research on this topic may be headed. -

Two areas stand out in this author's mind as where the
bulk of basic research may be centered for the next several
years. First, research on the protein-surfactant association
seeme to be a growing interest. As was gstated in that section,
this area seems to be less well defined. One problem which
needs to be resolved is the specificity of protein in
surfactant (i.e. is this protein synthesized and secreted
only for use in the surfactant matrix). The immunological
studies indicate that protein (other than serum protein)
is found in surfactant, but there exists the possibility
that their antibodies are formed to a protein found on lung
cell surfaces (perhaps in the surface membrane) which is
easily removed during lavage and may have no functional role
in surfactant. Cf course the lipid-protein association in
surface-active fractions and antibody labeling studies
discussed in the protein section lend support for a specific
interaction, but the results of the last two studies presented
in that section cast doubt on this. One way in which
specificity might be indicated is if a specific lipid-protein
complex could be found in material secreted by isolated
type II cells. If a specific interaction is proven, then the
next step would be to try to define the function of that
protein in surfactant. It would also be useful as a marker
for following surfactant synthesis.

The second thrust of research appears to be toward
cellular models of this system. The main advantages here
are that one is working with a "pure" population of cells
and the various experimental parameters are more easily
defined than in a whole tissue or in an organism. Ultimately
results from experiments on these cells will lead to experiments
in whole organisms to see if clinically viable treatments
may be devised. Innumerable experiments using cell models
may be designed. The most obvious are investigations using
various hormones and neurohumoral substances as proposed in
the research section of this paper. As was alluded to
earlier, perhaps more attention could be focused on the protein
synthetlc and secretory activities of these cells as a means
of solving the controversy over specific protein-lipid
interactions.
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These are just a few ideas on where research may be
headed. The ultimate goal of research on the surfactant
system is to come up with a means of clinically treating
and possibly preventing RDS in newborn infants. Such
research has already contributed toward this end. Once this
system is better understocd, perhaps better methods of
treatment may be developed.
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This paper is a report on the surfactant syatem of the
lung. It has been broken down into seven parts. The first
two sections are introductory. They include reasons for
studying this system and some brief notes on lung development,
respectively. The third section of this report defines the
surfactant system. It is comprised of five subsections which
include discussions on the phospholipid, protein, and
carbohydrate composition of surfactant. The last two
subsections cover the structure, and synthesis of surfactant.
The fourth section of this report primarily deals with the
alveolar type II epithelial cell and model systems for
studying these cells. Section five includes a discussion
on different hormones and other factors which may affect
the surfactant system. A rough outline of three experiments
constitutes the sixth section. A brief identification
of two directions in which research on this system appears
to be headed makes up the concluding portion of this report.



