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70 HOLLINGSWORTH AND GILFILLAN

was not convincingly demonstrated until the mid-1950s
when Pattle (178) and Clements (37) found a highly
surface-active component in lung lavages and extracts of
whole lung tissue.

The surfactant complex is thought to stabilize alveoli
by reducing surface tension at the air-liquid interface
(86, 185, 197) but may have the alternative property of
forming a rigid surfactant monolayer which “splints” the
alveoli open at low internal alveolar diameters (166).
Surfactant may have the additional functions of pre-
venting lung edema and fluid transudation into alveoli
(104, 179), aiding the removal of foreign particles from
airways, and assisting digestion of bacteria (145, 151).

The major stimulus to the study of lung surfactant has
been the demonstration that a deficiency of this complex
has a fundamental role in the pathology of human res-
piratory distress syndrome, a major cause of death in
neonates (12, 13, 79, 106, 178). The main features of the
disease are development of atelectasis in the lungs within
a few hours of birth followed either by formation of
hyaline membranes and death or by recovery with the
possibility of residual lung pathology (12). There is con-
siderable evidence that glucocorticoids can enhance
“maturation” and surfactant synthesis in the fetal lung
(204). This action is the basis of the clinical use of
glucocorticoids, first described by Liggins and Howie
(142), for the prophylactic prevention of human respi-
ratory distress syndrome (106).

The chemical nature of lung surfactant (86, 186, 187)
and its biosynthetic pathways (61, 186, 222) have been
well described and will be only briefly discussed. This
review shows that the lung surfactant system shares
many features with other secretory systems. Also, our
current knowledge of the physiological controls and
pharmacological agents that modulate lung surfactant
secretion will be reviewed. The limited information on
the relationship between secretion and synthesis also
will be discussed with the hope of stimulating further
experimentation.

A. Chemical Nature of Lung Surfactant

Lung surfactant is generally considered to consist pri-
marily of a mixture of phospholipids and protein. The
phospholipid composition of the complex is distinct from
that of whole lung or other tissues, especially with regard
to the relatively high concentrations of disaturated phos-
phatidylcholine (DSPC) and phosphatidylglycerol and
relatively low concentrations of sphingomyelin and phos-
phatidylethanolamine (73; table 1; fig. 1). Other reported
components include phosphatidylinositol, phosphatidyl-
serine, cardiolipin, lyso(bis)phosphatidic acid, and lyso-
phosphatidylcholine (73).

The surface-active properties of the individual spe-
cies of phosphatidylcholines (PC) are determined by the
nature of the fatty acids at the « and 8 positions (fig. 1).
The disaturated lipid dipalmitoylphosphatidylcholine

(DPPC) is by far the major component and is responsible
for the majority of the surface-active properties (86).
Whereas DPPC is a potent surface-active agent, di- or
mono-unsaturated PCs exhibit little surface activity (83,
86) although they may be part of the surfactant complex.
It should be noted that PCs are not unique to lung
surfactant: unsaturated PCs are found in high concen-
trations in all cell membranes; disaturated PCs have
been found in various quantities in other tissues (149)
and in the lung are thought to exist in more than one
pool (237).

There is evidence that carbohydrates, protein, and
phospholipids other than DPPC are necessary to account
for all properties of the total complex (14, 97, 187),
perhaps by aiding in the adsorption and spread of DPPC
at the alveolar air-liquid interface (14).

B. Biosynthetic Pathways for Lung Surfactant

Although some studies have been conducted on path-
ways involved in the production of minor surfactant
components, most research has been aimed at synthesis
of PC (222). By far the most important biosynthetic
route for PC in the lung is the cytidine diphosphate
choline pathway as outlined in figure 2. This pathway is
considered to synthesize primarily unsaturated PC (8,
222). It is thought that DSPC is formed in the lung by
remodelling of unsaturated PC, either by a deacylation-
reacylation or a transacylation mechanism. There is,
however, recent evidence that DSPC may be formed by
de novo synthesis via the cytidine diphosphate choline
pathway (183).

II. Lung Surfactant System as an Example of an
Exocytotic Secretory Process

Secretion will be defined here as the energy-consuming
transfer of surfactant molecules from an intracellular to
an extracellular location. A criterion which must be
satisfied as evidence that one is studying a secretory
process is the measurement of an increase in concentra-
tion of the presumed secreted substance in an appropri-
ate extracellular space within a short time interval (e.g.,
a few minutes) after application of a secretagogue (5).
Enhanced secretion of surfactant has been investigated
by using a variety of pharmacological and physiological
stimuli and is discussed in detail in section IV. There are
many examples of substances synthesised in specialised
cells and stored in discrete intracellular organelles which
are then secreted into the extracellular space by the
process known as exocytosis. Well-investigated examples
include adrenaline secretion from the adrenal chromaffin
cells (135), insulin secretion from B-cells of the pancreas
(10, 135), enzyme secretion from pancreatic acinar cells
(33), and histamine secretion from mast cells (63). As
well as the diversity of cells involved and of substances
they secrete, there is a wide range of secretagogues in-
cluding hormones, neurotransmitters, bacterial toxins,
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TABLE 1
Lipid profiles of lung fractions
. Lavaged lungs* Lamellar oLung sjlices:l: Type 2 pneumocyte culture*
Llpld L - bodxesf§ O ed mate- -
ung tissue§ Lung lavage$ rial§ Cells§ Secreted materialY
Phosphatidylcholine 50.5 80.9 80.9 718 76.7 80.1
Sphingomyelin 10.9 14 3.6 4.0 39 35
Phosphatidylinositol 46 3.2 0.9 | 99 2.9 1.7
Phosphatidylserine 7.3 0.5 28 [ 1.3 0.7
Phosphatidylethanolamine 21.2 3.2 3.5 7.2 44 28
Lysophosphatidylcholine 0.6 1.0 2.8 0.8 1.7 1.0
Phosphatidylglycerol 1.7 71 59 4.6 6.5
Lyso(bis)phosphatidic acid 1.0 1.1 ND } 6.5 1.0 15
Cardiolipin 0.8 0.2 ND 1.0 0.9
Percent of phosphatidylcholine 36.6 61.6 ND 51.7 56.3 65.6

that is disaturated

* From Gilfillan et al. (73); used with permission.
+ From Spalding et al. (207); used with permission.

} From Marino and Rooney (147); used with permission. The data in items *, t, { are based on percentage of total phospholipid.

§ Data based on phospholipid phosphorus.
1 Data based on phospholipids labelled with sodium ['*C)acetate.
|| ND, not determined.

o ]
H,C-0-C-R H,C-CH=CH-R H,c-o—g-n
| H |
R-S-O—%H R-b'l-CH R-g-O—CH
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(o o COO~
Cardiolipin Lysophosphatidyicholine Phosphatidylserine

F1G. 1. Structures of phospholipids. R = fatty acid.

and antigens. There is much in common within this
diversity with regard to the processes of synthesis, stor-
age, and secretion (33, 107, 135, 221). It is our thesis that
the lung surfactant system shares many characteristics
with the above, better-understood secretory systems.
This contention is supported by ultrastructural, bio-
chemical, autoradiographic, radiolabelling, pharmacolog-
ical, and physiological studies.

A. Ultrastructural and Biochemical Studies

Macklin (145) observed putative secretory organelles
within type 2 pneumocytes and suggested these cells had
an exocrine function.

It is now well accepted that the type 2 pneumocyte is
the site of surfactant synthesis, storage, and secretion
(163). These cells account for about 14% of the total cell
mass in the adult rat lung but only occupy 2.5% of the
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Glycerol -3 -phosphate
GP acyltronsterose
I-Acylglycerol - 3-phosphate
LPA acyltronsferose
I, 2-Diacylglycerol - 3-phosphate

Phosphatidic acid
phosphatase

I, 2-Diacyiglycerol

Choline
Choline kinase

]
Phosphorylicholine

Cholinephosphate
cytidylyltronsferase

V
CDPcholine

Cholinephosphotronsferase

Phosphatidyicholine

LPC
acyltroansferase

Phospholipase A

LPC:LPC
acyltransferase

Lysophosphatidyicholine
FiG. 2. Cytidine diphosphate choline pathway responsible for the synthesis of phosphatidylcholine and for the remodelling of the fatty acid
constituents via lysophosphatidylcholine. Abbreviations: GP, glycerol-3-phosphate; LPA, lysophosphatidic acid; CDP, cytidine diphosphate;
LPC, lysophosphatidylcholine. (After Rooney and Wai-Lee (192) and Lung; used with permission of Springer-Verlag, Heidelberg.)

alveolar epithelial surface. The remainder of the alveolar
epithelium comprizes type I pneumocytes (94). Type 2
pneumocytes, large cells with a diameter between 7 and
14 um, project into alveolar spaces or lie in niches in
alveolar walls surrounded by type I pneumocytes. The
former type of cells are rich in Golgi elements, endoplas-
mic reticulum, and mitochondria; their nuclei are large
and they possess microvilli on their free surfaces.

A feature of all exocytotic secretory systems is the
presence of discrete intracellular organelles which are
the storage form of the secreted substance. The most
characteristic feature of a type 2 pneumocyte is the
presence of organelles known as osmiophilic lamellar
bodies (OLB, fig. 3). These organelles have been de-
scribed in lungs from a wide range of species (7, 20, 52,
88, 130). Many observational and experimental studies
support the concept that OLB are the storage form of
lung surfactant. Buckingham and Avery (29) speculated
that there was a parallelism in the morphological ap-
pearance of OLB in the fetal mouse lung during late
pregnancy and the appearance of lung surfactant. This
observation has been confirmed in the fetal lamb (28,
174) and fetal rabbit (84, 124). Supportive evidence
comes from the observation that there was a parallel
increase during gestation in the DSPC concentration in
lungs of fetal rats and the number of OLB (230). Treat-
ment of fetal rabbits with glucocorticoids also advanced
lung maturity and increased surface activity and the
numbers of type 2 pneumocytes and OLB in lungs (167,
225). Conversely, early studies showed that treatment of
guinea pigs with carbon dioxide or rats with pilocarpine
led to a loss of both surfactant and OLB from lung tissue
(20, 88). From a series of ultrastructural and freeze-
fracture studies, Stratton (210-213) suggested that the
lamellae of OLB are probably 6.6 nm (66 A) apart, which
is compatible with the lamellae being composed of a

series of lipid bilayers. There have been several obser-
vations of intact OLB or lamellar material passing from
type 2 pneumocytes into alveoli (7, 20, 72, 98, 124, 133,
194) thereby providing the clearest evidence that OLB
secretion is by exocytosis (fig. 4).

Several biochemical studies have shown that OLB and
type 2 pneumocytes have a high content of lipid, specif-
ically PC or DSPC and phosphatidylglycerol, with a low
content of sphingomyelin compared to whole lung tissue
(11, 70, 73, 123, 125, 154, 190, 191; table 1). This phos-
pholipid profile closely parallels that of lung surfactant
secretions thereby strongly supporting the OLB as the
intracellular store of surfactant. It is likely that OLB are
solely a storage form of surfactant as they lack the key
enzymes necessary for DPPC biosynthesis (68, 191),
although they may possess enzymes involved in phos-
pholipid remodelling (54).

B. Autoradiographic and Radiolabelling Studies

Radiolabelled precursors and electron microscopy have
been used to demonstrate that the peak appearance of
grains over different organelles in the type 2 pneumocyte
is in the order: rough endoplasmic reticulum, Golgi body,
lamellar body, and then within a few hours, appearance
in the alveolar space (11, 36, 157). This order is similar
to the sequence of events first reported in detail in the
pancreatic acinar cell (109).

Numerous in vivo studies (111, 112, 114, 116, 165, 217,
236, 237) have shown that the time of peak appearance
of radiolabel in phospholipids, PC, or DSPC in homog-
enates of lung tissue precedes the appearance of label in
lung lavages. Jobe et al. (100, 115, 116), Young et al.
(236), and Baritussio et al. (15) have shown the sequen-
tial appearance of radiolabel in microsomal and OLB
subcellular fractions and lung lavage after injection of
[**C)palmitate, [*H]choline, or [*’P]phosphate. These
patterns are very consistent with the autoradiographic
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F1G. 3. An electron micrograph of a type 2 pneumocyte isolated from adult rat lung. Note especially the osmiophilic lamellar bodies (OLB).
Bar = 1 um, magnification X 11,500. (After Mason and Williams (151) and American Review of Respiratory Diseases; used with permission.)

3

FiG. 4. Scanning electron micrograph of a type 2 pneumocyte in hamster lung. Two lamellar bodies can be apparently seen in the process of
exocytosis (arrows). An empty secretary vacuole surrounded by a pouting rim of cytoplasm is visible near the bottom of the micrograph. Bar =
1 um, magnification X 24,000. (After Kuhn (133) and Academic Press, Inc. (London) Ltd.; used with permission.)
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74 HOLLINGSWORTH AND GILFILLAN

studies and suggest a pathway of sequential biosynthesis,
storage, and secretion. The radiolabelling studies do not,
of course, allow specification of the responsible cell type.

C. Postsecretory Events

Lamellar bodies, after secretion into alveoli, reorganize
to form a layer at the alveolar air-liquid interface,
thought to be the active form of surfactant. Ultrastruc-
tural observations of alveolar spaces have shown lamellar
bodies unravelling to produce a lattice-work of tubular
myelin. This myelin is probably the intermediate in the
formation of the functional layer at the air-water inter-
face (194, 196, 230).

The processes of elimination of lung surfactant have
been relatively little investigated. It has been suggested
that surfactant is only active in a “dry” form and when
“wetted” becomes functionally ineffective (166). Three
main routes of surfactant elimination have been sug-
gested: surfactant can pass up the trachea into the phar-
ynx and then swallowed (13) but this pathway is no
longer thought to be a major route. Secondly, metabolism
of surfactant may occur either in alveolar fluid or by
alveolar macrophages (222). Phospholipases have been
found in alveolar macrophages (64, 65) and alveolar
lavage (198). According to Goerke (86) these phospholi-
pases could play an important role in the degradation of
surfactant phospholipids. Thirdly, surfactant may be
reabsorbed through the alveolar epithelium (78, 96, 108).
Current studies would suggest reabsorption is by far the
most important route for surfactant elimination. It has
been estimated (108) that as much as 90% to 95% of
DSPC is reutilized in an intact, rather than a metabo-
lized, form.

It is, therefore, important to recognize that surfactant
within alveoli may be newly secreted but nonfunctional,
functionally active at the interphase, and in a postfunc-
tional form.

D. Conclusion

In summary, there is convincing evidence for the type
2 pneumocyte as the major site of lung surfactant bio-
synthesis and storage. Type 2 pneumocytes appear to
possess many features seen in other exocrine cells.

III. Methods for the Study of Lung Surfactant
Secretion

By analogy with other secretory tissues, it can be
reasoned that there may be physiological and pharma-
cological modulators of the rate of secretion which are
distinct from those factors modulating synthesis. Meth-
ods, therefore, have had to be developed to study secre-
tion separate from synthesis with the aim of identifying
the major regulators and determining when the physio-
logical controls are most important.

Since secretion is the transfer of surfactant molecules
from an intracellular to an extracellular location, it is
necessary to be able to sample these sites (i.e., the type

2 pneumocyte and the alveolus, respectively) discretely.
The concept of separate pools of alveolar and lung tissue
surfactant arose from the observation that the phospho-
lipid composition of lung lavages differed from that of
lung tissue (66, 84).

The study of lung surfactant secretion has been com-
plicated by two main problems. Firstly, the type 2 pneu-
mocyte is only one of some 40 cell types within the lungs
and comprises only about 14% of lung volume (94).
Secondly, and perhaps most important, there is no single
and unique chemical marker for lung surfactant. As a
consequence of these complications, a wide variety of in
vivo and in vitro methods have been developed. Each
method has its own advantages and disadvantages and
each relies on several assumptions for interpretation.
Method development is, therefore, currently an area of
active investigation.

A. In Vivo and ex Vivo Methods

1. Lung Lavage Technique. Until recently, the lung
lavage technique has been the most widely used tech-
nique for studying surfactant secretion. This method
involves injecting physiological salt solution via the tra-
chea into the intact lung. The solution is removed and
the lavage repeated several times. Pooled material is then
analysed for surfactant content by surface tension meas-
urement or biochemical analysis (see section III C).

The assumption underlying the interpretation of data
obtained this way is that the lavage fluid contains the
total functional surfactant derived from the alveolar
lining; therefore, factors stimulating surfactant secretion
will increase the amount of surfactant recoverable by
lavage. It is clear that lavage fluid reaches the alveoli
(200) and is, therefore, capable of removing material
lining alveolar surfaces. The lavage lipid appears not to
be derived from the major airways (237). The lavaging
technique does not seem, on the basis of ultrastructural
studies (200), to damage cells and lactate dehydrogenase
activity, a cytoplasmic enzyme, in lavages is low (170,
176). The lavage lipid composition is distinct from lung
tissue but closely parallels that of lamellar bodies (table
1) and so is likely to represent a pool derived from
secreted OLB rather than cell membranes.

As indicated above, alveoli may contain other than
functional surfactant. It is a common practice to centri-
fuge lung lavages to remove cells and cell debris, espe-
cially macrophages which may have engulfed intact OLB
(238). This procedure, however, has the disadvantage of
removing some of the newly secreted intact OLB which
may sediment at low centrifugal forces (175).

Henderson and Hackett (100) suggested that lavaging
of lungs induces surfactant release, a finding compatible
with evidence that lung inflation results in surfactant
secretion (section IV E). The demonstration that there
is an approximately exponential decrease of phospholipid
content in successive lavages (2, 71, 103) may indicate
that this stimulated release is minimal. Release induced
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by air inflation can be reduced by cooling to 4°C (103),
so it would seem wise to use cold solutions for lavaging.

The lavage content of surfactant at any time must
reflect the balance between secretion into alveoli and
elimination from that site. Probably the major drawback
of the lung lavage technique is the uncertainty that
changes in surfactant contents of lavages are primarily
due to changes in secretion rather than secondary to
alterations in synthesis or elimination. The case has been
well argued that the former reason is generally true (176)
and most likely to be so when there is a short time
interval (minutes rather than hours) between stimulus
application and measurement of effect (5).

Despite the many assumptions discussed above, the
lavage technique has been widely used in the past pri-
marily because of its simplicity. Even if the lavage con-
tains other than the “true” alveolar pool of surfactant,
the technique is able to detect changes in the lavage pool.
Most secretagogues have been identified by using this
method and certain experiments can only be performed
in vivo.

2. Static Lung Compliance and Lung Stability. These
parameters are examined by slow inflation of excised
lung at known pressures with air and simultaneous meas-
urement of the displaced volume. These pressure-volume
studies assess distensibility, the maximum volume of air
the lung can contain without rupture, and the deflation
stability, the air retained on decreasing pressure (131).
These parameters are modified by the amount of surfac-
tant able to be recruited to the air-liquid interface (131,
223) and are therefore a measure of the functional alveo-
lar pool of surfactant.

The pressure-volume technique was used by Avery and
Mead (13) to identify surfactant deficiency as a pivotal
factor in respiratory distress syndrome of human neo-
nates. The method has its drawbacks, however, as it is
insensitive to small changes in alveolar surfactant and
the parameters are altered by many factors other than
surfactant. The method has proved most valuable in
studies of enhancement of alveolar surfactant in fetal
animals by drugs where large changes in alveolar surfac-
tant were produced from low unstimulated values (e.g.,
234).

3. Ultrastructural Studies. Secretion of lung surfac-
tant can be monitored by ultrastructural observation of
OLB disappearance from type 2 pneumocytes and their
increased appearance in alveoli. Early qualitative studies
were able to detect marked secretions occurring after
pilocarpine treatment (88) and at birth (124). More
recently, ultrastructural observations have been made
quantitative by counting either the number of OLB per
cell (55, 60, 172) or the area occupied by these bodies per
area of type 2 pneumocytes, the “volume density” (156,
172). As the number of OLB per cell can vary consider-
ably even in controls (236), the former method is fairly
insensitive to induced changes. Although the latter

method would appear to be more sensitive (156, 201), it
is an extremely lengthy procedure and can only realisti-
cally be used as an adjunct to other methods.

B. In Vitro Methods

To circumvent some of the problems of technique and
interpretation associated with in vivo methods, a variety
of in vitro techniques have been developed. In common
with other areas of pharmacology, in vitro techniques
are often more suitable for defining certain aspects of
the sites and mechanisms of action of drugs.

1. Isolated Perfused Lung. Several isolated lung prep-
arations have been devised for studies of lung surfactant
secretion (1-5, 26, 144, 156, 170). All involve perfusion
of the isolated lung via the pulmonary artery with a
physiological salt solution. Lungs are lavaged before and
after addition of drugs to the perfusion medium. Bio-
chemical criteria for viability have been described (144)
but, perhaps, for pharmacological experiments, consist-
ency in drug responses may be as appropriate. Surfactant
has been assayed biochemically; the sensitivity has been
increased by labelling the lipids with radioactive precur-
sors (section III C 2). It must be remembered that drugs
could still be acting on cells other than type 2 pneumo-
cytes to induce surfactant secretion indirectly in the
isolated lung. Also, extensive pharmacological studies
may be time consuming with the perfusion technique.

2. Lung Slice Technique. Lung slices have been used
extensively to examine biosynthetic pathways for the
major lipids of surfactant (e.g., 56). Recently, this tech-
nique has been modified to study lung surfactant secre-
tion (44, 45, 146, 147). Animals are pretreated with [°H]
choline to label lipid stores and lung slices prepared. The
amount of a suitable labelled phospholipid released into
the medium is used as an index of surfactant secretion
and this can be increased by drug addition to the medium.
Marino and Rooney (146) demonstrated that the phos-
pholipid profile in the medium more closely resembled
that of lung washes than lung tissue an indication that
the material assayed was surfactant-related.

A great advantage of the slice technique is simplicity
of preparation. Also, several slices can be prepared from
the same lung, thereby enabling the design of experi-
ments with concurrent controls. With pharmacological
criteria for viability, preparations will usually respond to
drugs for several hours. The technical considerations for
using lung slices for studies on metabolism have been
discussed by O’Neil and Young (173).

A variation of the lung slice technique described by
Gilfillan and coworkers (72, 76, 77) uses a perifusion
technique similar to that used for studying other secre-
tory systems such as insulin secretion (136). Lung slices
are incubated in [methyl-*H]choline chloride for 3 hr.
Slices are then transferred to new chambers, perifused,
and the perifusate collected in 5- or 10-min fractions.
Each fraction and the tissue at the end of perifusion are
assayed for [*)H]DSPC and the overflow of [*H]DSPC

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

%
3
-
>
=
.
<
=
v
0
=
O
é
§

aspet

76 HOLLINGSWORTH AND GILFILLAN

expressed as a rate coefficient. Drugs can be added to
the perifusing medium for short (or long) periods. One
advantage of this method is that the time-course of drug
effect can be readily monitored.

3. Isolated Type 2 Pneumocytes. Probably the most
important innovation in the study of lung surfactant
secretion has been the development of culture techniques
for isolated type 2 pneumocytes. These cells can be
readily isolated by treating with either elastase (48, 150)
or trypsin (27, 125) and purified by density gradient and
preferential attachment. It is possible to produce prepa-
rations that are greater than 95% type 2 pneumocytes.
The lipids are labeled by incubation in radiolabelled
acetate (49), choline (48, 61), glycerol (49), or palmitate
(27). Surfactant secretion is measured by the release of
radiolabelled phospholipid, PC or DSPC.

The distinct advantage of this system is the greater
certainty that any site of drug action is the type 2
pneumocyte. The major limitation is that injury to the
cells during preparation may render their characteristics
very different from those in vivo, for example the loss of
receptors (48). The cells cannot be used after more than
a few days of culture as they lose their lamellar bodies
and start to dedifferentiate.

4. Other Methods. Other isolated tissue techniques,
such as lung explants (184), have only limited use to date
in surfactant secretion studies. Readers are referred to a
review by Douglas and Smith (50) for discussion of other
methods under development.

C. Monitoring Lung Surfactant Secretion

1. Surface Tension Measurements. Lung surfactant is
defined by its ability to lower surface tension. Therefore,
ideally the assay of lung surfactant should use this prop-
erty. Goerke (86) discussed the many practical problems
encountered with the most widely used surface tension
assay method: the Langmuir trough with a Wilhelmy
plate. This method has often been used qualitatively to
determine the presence or absence of significant amounts
of surfactant in lavages but can be used quantitatively
(5, 86, 140). Surface tension assays are rather insensitive
and consequently are more applicable to amniotic fluid,
lung lavages, or lung homogenates and have been less
used with medium from in vitro techniques. Prior to
assay, it is usually necessary to extract surfactant from
these lavages or homogenates. This extraction will inev-
itably alter the surfactant complex and so complicate
interpretation. The practical problems, the lack of sen-
sitivity, and the lengthy nature of the assay procedure
compared to biochemical methods have limited the ap-
plication of surface tension assays.

2. Biochemical Measurements. In most studies, secre-
tion of lung surfactant has been monitored with biochem-
ical criteria. The lack of a unique marker for the surfac-
tant complex has meant that a variety of substances has
been used as criteria for assessing changes in surfactant
secretion. These substances have included total phos-

pholipids, total PC or DSPC. As DPPC is the most
important component of lung surfactant (see section I
A) and over 80% of the saturated fatty acids present in
lung PC are palmitate (195), then measurement of DSPC
is a reasonable measure of surfactant. In animal models,
data are usually normalized per milligram of protein or
DNA or per gram of dry lung weight. For human lavage
and amniotic fluid, data are usually presented as relative
percentages of individual phospholipids. There is a good
correlation between total PC (5) or DSPC (139) concen-
tration and the surface tension lowering properties of
lavages.

Several groups have determined the lipid profile in
medium bathing isolated tissues or in lavages to deter-
mine whether their release is a consequence of stimula-
tion of exocytosis rather than cell damage. If surfactant
secretion is being specifically monitored, the lipid profile
should resemble that of the lamellar body rather than
total lung tissue, as reflected in relatively high propor-
tions of DSPC and phosphatidylglycerol and low propor-
tions of phosphatidylethanolamine and sphingomyelin
(table 1).

In several secretory systems it has been shown that
turnover of phospholipid, especially polyphosphoino-
sides, is increased by calcium-mobilizing secretagogues.
This increased turnover may be related to the stimula-
tory response (63). It is important to differentiate be-
tween this enhanced turnover and secretion of phospho-
lipids specifically related to surfactant.

Conventional biochemical assays are not sufficiently
sensitive to detect the small amounts of DSPC secreted
into medium from lung slices or type 2 pneumocyte
cultures. Sensitivity is increased by labelling the DSPC
with a precursor such as [**C]- or [*H]palmitate or cho-
line (47, 72, 146, 147). Radiolabelled precursors have also
been used in combination with in vivo studies and lung
lavages (129, 156).

D. Conclusions on Methodology

As with other secretory processes, no single method is
likely to prove suitable for all pharmacological and phys-
iological studies of the surfactant system. In vivo meth-
ods will probably continue to be valuable for investigat-
ing certain aspects of factors regulating secretion. The
combination of in vivo, isolated lung, lung slice, and type
2 pneumocyte culture techniques will prove necessary to
identify whether drug effects in vivo result from a direct
or indirect effect on the type 2 pneumocyte. An important
feature of most of the in vitro methods is that pharma-
cological effects on secretion can be studied separately
from their effects on synthesis. It would seem appropriate
to minimize the time interval between application of a
stimulus and determination of effect to be more certain
one is measuring secretion. In other tissues secretory
events can be readily observed within seconds or a few
minutes. The actual event of exocytosis of a single OLB
may be extremely rapid. Despite the diversity of methods
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and assay end-points used for the study of lung surfac-
tant secretion, there has been a considerable consistency
in the conclusions drawn as to the important secret-
atogues.

IV. Modulation of Lung Surfactant Secretion
Rate

In this section the evidence for the action of secret-

atogues at specific receptors will be discussed. Physiolog-

ical influences and mechanisms occurring after drug-
receptor combination will also be described.

A. Autonomic Nervous System

1. Agonists and Antagonists at 3-Adrenoceptors. A. IN
vIvo STUDIES. There is now substantial evidence that
agonists at 8-adrenoceptors are able to induce the secre-
tion of lung surfactant. This was first suggested by the
work of Wang et al. (224) who provided ultrastructural
evidence of the loss of OLB from type 2 pneumocytes
after injection of adrenaline into mice. The first defini-
tive experiments were those by Olsen (172) who found
that the phospholipid content of lung lavages in rats was
increased 30 min after the injection of isoproterenol. He
also reported that the number of OLB per type 2 pneu-
mocyte and the volume density of OLB were decreased.
These effects were antagonised by propranolol.

It can be seen (table 2) that results compatible with
enhanced surfactant secretion after 8-adrenoceptor ago-
nists have been observed in several species and in
fetal, neonatal, and adult animals. Where investigated,
the effects of the 8-adrenoceptor agonist were antagon-
ised by propranolol. Wyszogrodski et al. (234) and Law-
son et al. (140) found that the secretory response to a
constant dose of agonist increased with gestational age
in fetuses. Whether this change is a consequence of
enhanced sensitivity to the agonists or an increase in the
maximal possible response has still to be elucidated. A
few in vivo studies (4, 5, 156, 172) have recorded changes
by 30 min after treatment. This is in line with in vitro
observations (see below) and would be expected from the
rapid effects produced by B-adrenoceptor agonists in
other systems. The doses of 8-adrenoceptor agonists used
in these studies would be expected to produce cardiovas-
cular effects such as tachycardia and hypotension (e.g.,
177). The peripheral vasodilator hydralazine given to
pregnant does in a dose that produced the same fall in
maternal blood pressure as salbutamol had no effects on
the indices of fetal lung surfactant secretion (Nicholas,
personal communication). Apart from this study, which
suggests that the secretory effects were not secondary to
cardiovascular changes, there have been no in vivo ex-
periments to investigate the site of action of the B-
adrenoceptor agonists; it has been assumed to be the
type 2 pneumocyte.

If there is tonic activation of the system via 8-adre-
noceptors, then administration of an antagonist at 8-
adrenoceptors should reduce the rate of surfactant secre-

tion. Propranolol slightly decreased the phospholipid
content of lavages of anaesthetized rabbits (177). How-
ever, anaesthesia is known to increase catecholamine
secretion from the adrenal medulla so surfactant secre-
tion might not have been in an unstimulated state. In
other studies, with nonanaesthetized fetal rabbits (43)
and 1- to 3-day-old rabbits (5), no changes were seen
after propranolol. Tonic regulation of surfactant secre-
tion may be minimal but requires confirmation with
studies using radiolabelled precursors. As the turnover
of the alveolar pool of surfactant is of the order of 17 h
in the adult rabbit (110), a long interval between drug
injection and assay would be necessary to detect inhibi-
tion of tonic secretion.

B. IN VITRO STUDIES. Dobbs and Mason (46) were the
first to substantiate these in vivo findings of $-adreno-
ceptor agonists increasing surfactant secretion with in
vitro observations. They found that terbutaline increased
the release of ['*C]DSPC from cultures of type 2 pneu-
mocytes of adult rats, an effect which was antagonised
by propranolol. They later extended their study (48) to
show that isoproterenol and terbutaline were potent se-
cretagogues (EC50 = 4 nM and 800 nM, respectively),
phenylephrine was less potent (EC50 = 13 uM), and
isoproterenol exhibited stereoselectivity ([—]isoprotere-
nol 200 times as potent as [+]-isoproterenol). The effects
of terbutaline and phenylephrine were antagonised by
propranolol but not by phentolamine. These results have
been supported by several other groups with a variety of
agonists at §-adrenoceptors (table 2). Where examined,
responses to agonists were reduced by antagonists at 8-
adrenoceptors (26, 77, 161).

Lands et al. (138) have subdivided g-adrenoceptors
into B8,- and B.-subtypes based on the order of potencies
of agonists. The moderately high potencies of terbutaline
(48) and salbutamol (72, 77) in vitro and the lack of
effect of prenalterol in vivo (21) suggest that the S-
adrenoceptor involved here is of the 8,-subtype, but this
classification requires more rigorous pharmacological ex-
amination.

In vitro methods are usually more suitable for detailed
pharmacological studies than in vivo techniques, but
have been applied only recently. For example, the secre-
tory response can be observed within 10 min of applica-
tion of a B-adrenoceptor agonist (26, 72, 77). Dobbs and
Mason (48) suggested that the increased release of [*C]
DSPC from isolated type 2 pneumocytes by terbutaline
occurred over several hours but, by examination of figure
1 from their paper, it can be seen that the increase was
largely complete by 1 h. Unstimulated release of radio-
labelled DSPC or PC from lung slice preparations and
type 2 pneumocyte cultures has varied between 0.2% and
3.5% of tissue content per hour (26, 45, 48, 72, 76, 717,
120, 147). The maximum rate of secretion during stim-
ulation by S-adrenoceptor agonists would appear to be
only some 2- to 4-fold greater than during unstimulated
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TABLE 2
Enhancement of surfactant secretion by agonists at $-adrenoceptors
Agonist Animals/Preparation Effect Reference
A. In vivo
Epinephrine Adult mice | OLB* in type 2 pneumocytes 224
Fetal sheep | Surface tension of pulmonary fluid 140
Neonatal rabbits 1 Lavage PC content; | surface tension of lavages 4,5
Isoproterenol Adult rats | OLB in type 2 pneumocytes; { lavage PL content 172
Adult rats 1 Lavage [*C]DSPC content 156
Isoxsuprine Fetal rabbits 1 Lung distensibility 43
Fetal rabbits | Surface tension of pulmonary fluid; 1 PC:sphingo- 55
myelin ratio of pulmonary fluid; | OLB in type 2
pneumocytes
Fetal rabbits 1 Lung stability 234
Fetal rabbits 1 PC:sphingomyelin ratio of lavages 99
Fetal rabbits 1 Lung stability; { PC:sphingomyelin ratio of lavages 119
Terbutaline Fetal rabbits 1 Lung distensibility; 1 lavage PC content 21
Fetal rabbits 1 Lung distensibility; 1 lavage PL content 53
Adult rabbits 1 Lavage PL content 177
Salbutamol Fetal rabbits 1 Lung distensibility; 1 lavage PC content 17
Hexoprenaline Fetal rabbits 1 Lung stability; 1 PC:sphingomyelin ratio of lavage 143
B. In vitro
Isoproterenol Adult rat type 2 pneumocyte 1 ["*C]DSPC content of medium 26, 48
culture
Adult rat perfused lung 1 [")DSPC content of lavage 26
Cell line A-549 1 [*'H]DSPC content of medium ° 152, 169
Terbutaline Adult rat type 2 pneumocyte 1 [“C]DSPC, [*H])PC content of medium 46, 48, 161
culture
Newborn rabbit lung slice 1 *H]PC content of medium 147
Epinephrine Neonatal rabbit perfused lung 1 PC content of lavage 4,5
Salbutamol Adult rat perfused lung 1 PL content of lavage 170
Adult rat perifused lung slice 1 [*H)DSPC content of perifusate 72,77

* The abbreviations used are: OLB, osmiophilic lamellar bodies; PC, phosphatidylcholine; PL, phospholipid; DSPC, disaturated phosphati-

dylcholine.

release, much less than the increment seen with other
secretory systems such as the pancreatic acinar cell (33).
This small difference may in part be a consequence of
unstimulated secretion being continuously enhanced by
endogenously released substances. For example, indo-
methacin reduced unstimulated release of [°H]PC from
lung slices of neonatal rabbits (146) and it has been
shown that cultures of type 2 pneumocytes can produce
a variety of prostanoids (216). However, indomethacin,
at the concentration used (100 uM), has actions in addi-
tion to inhibition of prostaglandin synthetase (25).
Young and Tierney (237) suggested that there is more
than one tissue pool of DSPC and more recently Young
et al. (236) have calculated that only 20% of tissue DSPC
in rat lungs is found in OLB. Therefore, it is quite likely
that there are “releasable” and “nonreleasable” pools of
DSPC as there are with other secretory tissues. The
relative sizes of these pools varies widely between other
secretory tissues, for example pancreatic islet 8-cells (10)
and anterior pituitary cells (107), and the “releasable”
pool may be small in the type 2 pneumocyte.

As discussed in section III C, measurement of radio-
labelled DSPC release is probably the best current index
of lung surfactant secretion. If this contention is ac-
cepted, there is then good evidence for 8-adrenoceptor

modulation of secretion rate of lung surfactant. Keller
and Ladda (120) have argued that, since release of [*H]
PC can occur from tissues other than lungs (e.g., liver),
there is no specific marker for lung surfactant. However,
they only studied unstimulated release and not drug-
induced release which would increase specificity. There
is limited information on whether other components of
the surfactant system are co-secreted with DSPC after
addition of B-adrenoceptor agonists. Terbutaline en-
hanced release from type 2 pneumocytes of several la-
belled phospholipids, the relative proportions of which
did not differ from those seen with unstimulated release
(49). Massaro, Weiss, and Simon (158) found that release
of labelled protein in a surface-active fraction from lung
slices was increased by adrenaline. It is uncertain
whether these proteins are related to the lung surfactant
system.

There is insufficient quantitative information to de-
duce whether all of the surfactant secretion measured in
vivo after g-adrenoceptor agonists is due to an action on
type 2 pneumocytes or whether part of the action in-
volves another cell type.

C. RADIOACTIVE LIGAND BINDING STUDIES. Another
recent approach to the investigation of 8-adrenoceptors
and the lung surfactant system has been the study of the
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binding of radioactive ligands. Cheng et al. (34) showed
rapid, saturable, high affinity and stereoselective binding
of (=)-[*H]dihydroalprenolol to membranes from lungs
of fetal rabbits, which was competitively antagonised by
propranolol. Other studies (69, 227) with this ligand
and (—)-[*H]iodohydroxybenzylpindolol have confirmed
these findings and found the number of binding sites
increased with gestational age and in adults compared to
fetal rabbits. These latter findings parallel the increase
in responses to S-adrenoceptor agonists with gestational
age (section IV A 1 a). Treatment with betamethasone
in vivo (34) or with dexamethasone in vitro (69, 145a)
increased the number of 8-adrenoceptor ligand binding
sites.

Radioactive ligand binding studies have the advantage
of being able to measure readily the consequences of
experimental changes. However, the binding sites may
not reflect the biologically active receptors. This com-
ment is particularly true here as type 2 pneumocytes are
only a small proportion of total lung cell number. For
example, it is well recognized that there are $-adrenocep-
tors mediating dilatation of the airways. Recently it has
been shown that there are binding sites with character-
istics of B-adrenoceptors on isolated type 2 pneumocytes
(206).

2. Sympathetic Efferents and Agonists at a-Adrenocep-
tors. Beckman et al. (19) described decreases in pulmo-
nary static compliance and surfactant content of lavages
in monkeys after head injury, effects which could be
antagonised by phenexybenzamine. They (19, 22, 51)
reported that, following stellate ganglion stimulation of
anaesthetized monkeys and cats, there was decreased
static compliance and this effect could be prevented by
phentolamine, phenoxybenzamine, or reserpine. Wyszo-
grodski and Taeusch (233) were unable to repeat these
latter observations.

Phenylephrine, a relatively selective agonist for a-
adrenoceptors, has been shown in vitro at high concen-
trations to stimulate [*C]DSPC release from cultures of
type 2 pneumocytes via (-adrenoceptors (26, 48); no
action via a-adrenoceptors has been reported. It is there-
fore uncertain whether neuronally released noradrena-
line or a-adrenoceptors have any effects on lung surfac-
tant secretion. As far as we are aware, no one has
attempted to investigate in vitro inhibition of stimulated
surfactant secretion by agonists at a-adrenoceptors. The
recently developed in vitro methods would be suitable
for investigating this possible action further.

3. Parasympathetic Efferents and Agonists at Musca-
rinic Receptors. A. IN VIVO STUDIES. Early studies indi-
cated that vagotomy affected the surfactant system of
the lung. Miller et al. (164) had shown that vagotomy in
rabbits was followed by the appearance of hyaline mem-
branes in alveoli. Later workers found that vagotomy in
rats and guinea pigs resulted in increases in surface
tension of lung extracts and a loss of OLB from lung

tissue (23, 87, 130, 134, 218). The simplest explanation
of these observations would be that the vagus has a tonic
inhibitory influence on surfactant secretion which is
removed by vagotomy. This is in conflict with the lack
of effect of muscarinic antagonists alone on the lavage
pool of surfactant and the secretory actions of stimula-
tion of the vagus (176) and of muscarinic agonists (see
below). It is possible that changes in lung surfactant
induced by vagotomy were due to the lung edema which
also occurred.

There are many studies demonstrating that muscarinic
agonists can increase the secretion of lung surfactant in
vivo but there is some debate as to whether their action
is direct on type 2 pneumocytes or indirect via another
cell type. The initial study by Goldenberg et al. (88)
demonstrated an increase in the number of OLB in
alveoli in adult rats after injection of the muscarinic
agonist, pilocarpine. Pilocarpine injection into adult rats
has also been shown to decrease the number of OLB per
type 2 pneumocyte and the volume density of OLB (172),
to increase the phospholipid and [**C]DSPC content of
lung lavages (156, 172), and to produce an earlier ap-
pearance of [**C]phospholipid in lung lavages (165). Lung
stability and phospholipid content of lavages was in-
creased in fetal rabbits after fetal injection of pilocarpine
(39, 42, 43). Similarly, treatment of neonatal rabbits with
oxotremorine, another muscarinic agonist, increased the
surfactant and PC content of lavages (3-5). Where in-
vestigated, effects of the muscarinic agonist were reduced
or prevented by atropine.

Corbet et al. (42, 43) suggested that pilocarpine acted
indirectly to increase lung stability of fetal rabbits be-
cause this action could be antagonised by phenoxyben-
zamine or propranolol. They proposed that pilocarpine

released catecholamines, either from the adrenal medulla

or from noradrenergic neurones within the lung, which
in turn acted on adrenoceptors within the lung paren-
chyma. Later studies by Abdellatif and Hollingsworth (4,
5) provide support for part of this hypothesis. The in-
crease in PC content of lavages of neonatal rabbits
produced by oxotremorine was prevented by prior adre-
nalectomy or by pretreatment with di-propranolol but
not d-propranolol. The latter isomer has the local an-
aesthetic properties of the racemate but is less potent as
a (-adrenoceptor antagonist. Oxotremorine has been
shown to increase noradrenaline and adrenaline plasma
concentrations in the adult rat, an action said to be via
central muscarinic receptors (226). More recently Mas-
saro et al. (156) have confirmed these observations by
using pilocarpine in the adult rat. Pilocarpine has for
many years been known to release catecholamines from
the adrenal medulla (62). The suggestion by Corbet et
al. (42, 43) of the indirect action of pilocarpine via local
noradrenergic neurones seems unlikely in view of the
very sparse innervation of the lung parenchyma, espe-
cially in the fetus (24). The antagonism of pilocarpine
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action in the fetal rabbit by phenoxybenzamine is prob-
ably a consequence of an action of this latter drug at
sites other than a-adrenoceptors (25) as there is no
evidence for surfactant secretion being stimulated by
agonists at a-adrenoceptor (section VI A 2).

In conflict with the above hypothesis is the observation
by Oyarzan and Clements (176) that prolonged acetyl-
choline infusion into one pulmonary artery of adult
rabbits slightly raised the phospholipid content of la-
vages of the infused lung. This finding is in conflict with
an extrapulmonary site of action of muscarinic agonists
described above and will be discussed further in the next
section.

It should be realized that pilocarpine will enhance
secretion from other cell types within the respiratory
epithelium, for example the Clara cell (235). These se-
cretions, which could contain phospholipids, may influ-
ence observations derived from techniques such as lung
lavages.

B. IN VITRO STUDIES. If muscarinic agonists increase
surfactant secretion solely by an indirect, extrapulmon-
ary action, they should be ineffective in isolated lung
preparations. Alternatively, muscarinic agonists could
have an intrapulmonary site of action either by a direct
action on type 2 pneumocytes or an indirect effect me-
diated by the release of a substance(s) from other lung
cells; use of different lung preparations should elucidate
the mechanism. Observations so far are contradictory.

Dobbs and Mason (48) did not observe any changes in
[**C]DSPC release from type 2 pneumocytes in culture
with 100 uM pilocarpine, carbamylcholine, or methacho-
line despite the reproducible effects of $-adrenoceptor
agonists. High concentrations of acetylcholine have been
reported to increase [**C]DSPC release from isolated
type 2 pneumocytes (26). These latter effects were much
less than those produced by 8-adrenoceptor agonists and
were not antagonised by atropine. Therefore, the effects
were unlikely to be mediated via muscarinic receptors.
In this study, acetylcholine increased cellular cyclic gua-
nosine monophosphate concentrations, an effect anta-
gonised by atropine, which indicates the presence of a
muscarinic receptor but whose function is unclear.

The situation with isolated whole lung preparations is
less clear-cut. The inconsistencies, however, can be
largely resolved if the concentration of agonist, usually
pilocarpine, is considered. High concentrations of pilocar-
pine had no effect on the phospholipid content of lavages
of isolated, perfused whole lungs of the rat (10 uM; 170),
on the release of [*C]DSPC from isolated, perfused
whole lungs of the rat (500 uM; 156), or on the release of
[*H)DSPC from perifused slices of rat lungs (100 uM;
72). However, lower concentrations of pilocarpine (0.2 to
1 uM) induced the release of [**C]DSPC from isolated,
perfused whole lungs of the rat (26, 156); the secretion
of [*'H]DSPC from perifused slices of rat lungs (100 nM;
72) and [**C]PC from explants of rat lungs (1 uM; 184);
and increased the phospholipid content of lavages after

intratracheal instillation to isolated lungs of the rat (10
uM; 103). It is to be noted that the EC50 for pilocarpine
as a muscarinic agonist in producing contractions of a
smooth muscle preparation, such as strip of rabbit stom-
ach, is of the order of 1 uM (67). It is likely that the
positive effects recorded on surfactant secretion are a
consequence of the combination of pilocarpine with mus-
carinic receptors, particularly since in some studies the
actions were antagonised by atropine (103, 156). The
lack of effect of pilocarpine on in vitro preparations at
higher concentrations indicates a “bell-shaped” concen-
tration-effect curve due either to some mechanism such
as receptor desensitisation or to pilocarpine possessing a
second, antagonistic action at these high concentrations.

The conflicting evidence between in vivo and in vitro
observations as to the mechanism of action of muscarinic
agonists can similarly be largely resolved if it is consid-
ered that they act by a combination of extrapulmonary
and intrapulmonary sites of action. In vivo the extrapul-
monary site would appear to be paramount, involving
release of catecholamines from the adrenal medulla,
which then act on B-adrenoceptors. Current studies
would suggest that the intrapulmonary site of action
relevant to in vitro studies is not the type 2 pneumocyte,
but the nature of the other cell type involved still requires
resolution. Massaro et al. (156) found that the increase
in ["*C]DSPC in lavages produced by pilocarpine in the
isolated, perfused lung of the rat could be abolished by
indomethacin. This suggests muscarinic agonists can act
indirectly by stimulating prostaglandin synthesis, but
this study does not define the cell types involved. Expe-
rience behooves investigators to use full concentration
ranges of drugs and to assess the pharmacological viabil-
ity of their preparations with 8-adrenoceptor agonists.

Radioactive ligand studies have identified binding sites
for muscarinic agonists in lungs of adult rats and their
numbers were increased by dexamethasome pretreat-
ment but their cellular location was not identified (148).
By using autoradiography, binding sites for muscarinic
agonists have been localised in ferret lung mainly in
smooth muscle with no labelling of alveolar walls (16).
Studies of binding sites for muscarinic agonists in cul-
tures of type 2 pneumocytes would be of interest.

There is a hint of ontogeny in the secretory response
to muscarinic agonists. The enhanced release of [*H]PC
from lung slices of adult hamsters after carbamoylcholine
treatment both in vivo and in vitro was absent when the
same protocol was followed in 14-day-old fetuses (45).
Further quantitative studies are needed with a simpler
preparation.

Since increases in surfactant have been observed in
extracellular sites within 30 min of application of a
muscarinic agonist (3-5, 72, 156, 202), it is likely that
their primary action is on secretion as opposed to syn-
thesis.

B. Prostanoids

The abilities of indomethacin or sodium meclofena-
mate to prevent ventilation-induced increases in phos-
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pholipid content of lungs lavages of adult rabbits (177)
suggest that prostanoids are involved in surfactant se-
cretion. However, prostaglandins E,, E.;, and F.,
U-46619 (a thromboxane Aj-like agonist), and arachi-
donic acid administered to adult rabbits were without
effect on lavage phospholipid content (177). There have
been few studies with isolated preparations. Mason et al.
(153), in one of their early studies with isolated type 2
pneumocytes, briefly reported that prostaglandins had
no effect on [**C]DSPC release. However, with that early
culture technique, they did not demonstrate any effects
of B-adrenoceptor agonists. More recently, prostaglandin
E, has been reported to induce [°’H]PC release from lung
slices of prematurely delivered neonatal rabbits (146)
and prostaglandin F,, to increase [*’H]PC release from
type 2 pneumocytes of the adult rat in tissue culture (9).
The latter study used incubations of several hours and it
is uncertain whether any effects were primarily on secre-
tion. Further studies are obviously warranted, particu-
larly as prostaglandins are implicated in the control of
parturition.

C. Cyclic Nucleotides

A possible role for cyclic 3’,5’-adenosine monophos-
phate (cCAMP) in lung surfactant secretion was indicated
in a brief report by Stahlman et al. (208) who observed
enhanced humbers of OLB in alveoli 15 min after treat-
ment of adult rats with dibutyrl cAMP. Later studies
showed increased phospholipid and phosphatidylglycerol
contents of lung lavages of neonatal rabbits 1 h after
treatment with dibutyrl cAMP (95) and increased lung
stability and phospholipid content of lavages in fetal
rabbits 2.5 h after injection of the phosphodiesterase
inhibitor, aminophylline (40). Another group (53) found
that a dose of aminophylline that produced some deaths
in fetal rabbits had no effect on any surfactant param-
eters. Several other studies (18, 91) have been conducted
with aminophylline but all have used longer time inter-
vals and the drug could be affecting surfactant synthesis.

By using isolated perfused lung preparations of the
rat, it has been observed that cAMP and theophylline
increased the phospholipid content (170), 8-bromo-
cAMP jncreased the [**C]DSPC content (156), and di-
butyrl cyclic 3’,5’-guanosine monophosphate increased
the phospholipid content (129) of lavages. Adenosine
triphosphate enhanced the secretion of [*H]DSPC from
perifused slices of rat lungs (72, 77) and 8-bromo-cAMP
(48, 161) increased release of [*C]DSPC from cultures
of isolated type 2 pneumocytes of the rat; but 8-bromo-
cyclic guanosine monophosphate and isobutylme-
thylxanthine, a phosphodiesterase inhibitor (48), did not.

The cAMP concentration of lobes of isolated perfused
rat lungs or type 2 pneumocytes in tissue culture were
increased after isoproterenol and the cyclic 3’,5’-guano-
sine monophosphate concentration similarly increased
after pilocarpine (26). Terbutaline has been shown to
increase the cAMP concentration of isolated type 2 pneu-

mocytes of the rat (161). These studies suggest that cyclic
nucleotides act as secondary messengers in 8-adrenocep-
tor mediated stimulation of surfactant release.

D. Other Chemical Modulators

There have been limited studies on other possible
secretagogues. The largest surfactant secretory response
has been observed to 12-O-tetradecanoyl-13-phorbol ace-
tate (47, 153). This substance acts as secretagogue in
many tissues. Potassium chloride will produce release of
[*H]DSPC from perfused slices of adult rat lungs (72, 76,
77). Whether this action is by direct depolarisation of
type 2 pneumocytes or by initial release of chemical
mediators from other cells is not known, but the effects
were not antagonised by atropine or propranolol, sug-
gesting that it does not involve mediators acting via
muscarinic receptors or 8-adrenoceptors.

An increase in intracellular calcium ion concentration
plays a central role in exocytosis in many secretory
tissues (30, 33, 107). As far we are aware, there are no
reports on the effects of changes in medium calcium
concentration or of calcium antagonists on surfactant
secretion from isolated lung preparations. Gilfillan and
Hollingsworth (unpublished) found that deletion of cal-
cium from the perfusing medium of rat lung slices in-
creased the basal release of [*’H]DSPC and did not mark-
edly attenuate the secretory response to potassium chlo-
ride, effects opposite to those anticipated. Several au-
thors have investigated effects of the calcium ionophore,
A23187 (Calimycin). A23187 increased the release of [°H])
PC from rabbit lung slices (146), of [*H]PC and [*H]
DSPC from cell line A-549 (199), and of [**C]DSPC from
cultures of isolated type 2 pneumocytes (153). However,
A23187 may have actions other than those due to en-
hancing calcium influx into cells (180).

Microfilaments and microtubules also appear to be
fundamental to the process of exocytosis in other secre-
tory tissues (107). It has been found that cytochalasin B,
a microfilament disorganizer, and colchicine and vin-
blastine, microtubule disrupting agents, will reduce sur-
factant secretion. One or both of these drugs have been
shown to reduce the phospholipid content of lung lavages
of adult rats (35), unstimulated [*H]PC release from lung
slices of hamsters after treatment in vivo (44), unstim-
ulated [*H]PC release from slices of neonatal rabbit lungs
(146), pilocarpine-stimulated release of 1*C-surface active
fraction protein from slices of rabbit lungs (155), and 12-
O-tetradecanoyl-13-phorbol acetate (47) and isoprotere-
nol stimulated release of [**C]DSPC (27) from isolated
type 2 pneumocytes in tissue culture. Unstimulated
release of [**C]DSPC from isolated type 2 pneumocytes
was either not affected or increased by colchicine and
vinblastine (27, 161).

Finally, secretory processes are usually inhibited by
metabolic inhibitors and by reduced temperature. Mas-
saro et al. (158) observed that the unstimulated release
of surface active fractions of *C-labelled protein from
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rabbit lung slices after labelling in vivo with [*C]leucine
was decreased by potassium cyanide and incubation at
4°C. Later studies have found that the unstimulated
release of [°H]PC from neonatal rabbit lung slices (146)
and from slices of adult hamster lungs (44) and unstim-
ulated (47, 126) and 12-O-tetradecanoyl-13-phorbol-ace-
tate-stimulated (47) release of [**C]DSPC from isolated
type 2 pneumocytes of the rat were inhibited by incuba-
tion at 4°C. These studies suggest that surfactant secre-
tion is truly an energy-dependent process.

E. Lung Inflation

It would seem physiologically appropriate that secre-
tion of a substance intended to act within alveoli should
be in part regulated by the extent of ventilation. Faridy
et al. (59) and McClenahan and Urtnowski (159) dem-
onstrated that increased ventilation of isolated lung of
the rat and dog, respectively, led to loss of compliance
assumed to be due to a reduction in surfactant. Increasing
the tidal volume of anaesthetized cats led to decreased
lung compliance and surfactant in lung extracts and
increased radiolabelled PC in lung lavages (231-233).
Therefore, hyperventilation may promote release of sur-
factant from lung tissue into alveoli and enhance elimi-
nation rate. The decrease in compliance and lung surfac-
tant content were prevented by an increase in end-
expiratory pressure thought to be due to a reduction in
elimination. These mechanisms have been well sup-
ported by later observations. The surfactant content of
the trachea and bronchi of isolated, ventilated lungs of
the rat was increased by raising the tidal volume, com-
patible with increased movement up the airways (58).
Constant air inflation for 3 h increased the surfactant
content of lavages of isolated lung of the dog (57) and
air inflation raised the phospholipid content of lavages
of isolated lung of the rat and rabbit (39a, 101-103). The
viability of these isolated, nonperfused lung preparations
might be questioned but the inflation-induced increases
in surfactant and phospholipid were reduced by cooling
(57, 103) and by a high concentration (10 xM) of atropine
(102, 103) or propranolol (39a). Increase in tidal vol-
ume raised the phospholipid content of lung lavages of
anaesthetized rabbits (176, 177), the [**C]phospholipid
(129) and [**C]DSPC (156) content of anaesthetized rats,
and the [*C]DSPC (156) and [*H]phospholipid (170)
content of isolated, perfused lungs.

There is also evidence that inflation of the lung with
physiological salt solutions results in surfactant secre-
tion. Faridy, Thliveris and Morris (60) suggested that
multiple lavaging of lung of the fetal rat results in the
loss of about 12% of lung tissue DSPC, as assayed by
ultrastructural observation of numbers of OLB, although
this figure relies on many assumptions. Hildebran et al.
(103) concluded that air inflation results in an approxi-
mately 3-fold greater phospholipid release than an equiv-
alent expansion with a physiological salt solution. It is
unclear why this difference should exist. It is difficult to

distinguish experimentally between air and lavage-in-
duced secretion of surfactant.

There has been speculation as to the mechanism of
inflation-induced surfactant secretion; possibilities in-
clude direct deformation of type 2 pneumocytes or defor-
mation of other cells within the lung resulting in the
release of chemical mediators which are secretagogues
for type 2 pneumocytes (103, 170, 176, 177). A neural
reflex has been suggested (39a, 170). Oyarzun and Clem-
ents (176, 177) found that the rise in phospholipid con-
tent of lavages after increased ventilation of anaesthe-
tized adult rabbits could be reduced by atropine, pro-
pranolol, sotalol, indomethacin, or sodium meclofena-
mate pretreatment. They concluded that agonists at
muscarinic and g-adrenoceptors and prostaglandins were
involved. However, the site of release or action of these
substances cannot be deduced from their experiments.
Inflation-induced increases in phospholipid content of
lavages of isolated lung of the rat were reported to be
antagonized by atropine but not by propranolol (102,
103). By contrast, in lungs of newborn rabbits the infla-
tion-induced increase in phospholipid content of lavages
was antagonized by propranolol but not atropine (39a),
although it should be noted that control phospholipid
contents were rather variable. Also, Nicholas and Barr
(170) found in their isolated, perfused lung preparation
that air inflation-induced increases in lavage content of
phospholipid were not antagonized by atropine, propran-
olol, tetrodotoxin, indomethacin, or cyproheptadine.
They concluded that increased secretion of lung surfac-
tant from lung inflation is most likely a consequence of
a direct deformation of type 2 pneumocytes. These ob-
servations (170) can only be reconciled with those of
Oyarzun and Clements (176, 177) if the chemical media-
tors released in vivo have an extrapulmonary origin,
which is unlikely. There is currently a confused picture
as to the nature, or existence, of any chemical mediators
involved in distension-induced surfactant secretion. Sur-
factant secretion in the perinatal period (section IV G)
may in part be due to lung inflation.

F. Fetus

There has been a considerable number of studies of
the maturation of the lung surfactant system in the fetus.
After differentiation of type 2 pneumocytes, there is an
accumulation of intracellular surfactant as OLB (124,
209, 229). Surfactant is then secreted into alveoli during
and after delivery.

There is some secretion of lung surfactant into alveoli
before labor. Kikkawa et al. (124) recognised the increas-
ing presence of lamellar structures in alveoli of fetal
rabbits in late gestation and speculated that these struc-
tures represented secreted surfactant. Jost and Policard
(118) observed that ligation of the trachea of fetal rabbits
resulted in swelling of the lungs due to accumulation of
lung fluid suggesting that this fluid could contribute to
amniotic fluid. Lung surfactant secreted into alveoli is
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therefore continuously transported up the bronchii and
trachea. There is an efflux of pulmonary surfactant from
the chronically catheterised trachea of fetal sheep meas-
ured by surface tension balance or biochemically as
DSPC (128, 140, 160). Some of this surfactant will then
pass into amniotic fluid. Consequently, measurement of
the PC:sphingomyelin ratio of amniotic fluid has proved
valuable as an aid to estimation of fetal lung maturity
and the likelihood of that fetus, if delivered, to develop
respiratory distress syndrome (80, 81, 219). It can be
predicted that there will be a delay between any increase
in alveolar surfactant content and an increase in human
amniotic fluid content (106). This delay has been found
with the fetal rabbit (220).

Only a small proportion of total fetal lung surfactant
is within alveoli and airways. Gluck et al. (84, 85, 124),
in their pioneering biochemical and anatomical studies
of the rabbit lung, found that surfactant appeared in the
parenchyma around day 24 of gestation whether assayed
on a surface tension balance or as acetone-precipitable
(mainly saturated) PC or by low-power and ultrastruc-
tural observation of the accumulation of OLB in type 2
pneumocytes. However, there was a delay of 2 to 3 days
before the appearance of surfactant in lung lavages. From
then until term, an approximately constant 1% of total
lung acetone-precipitable PC was found in lavages in
contrast to the 12% found in adult rabbits (83). Others,
by contrast, have found increases in the proportion of
total lung DSPC in lavages and in the DSPC to sphin-
gomyelin ratio of lavages in fetal rabbits with increase
in gestational age (188, 193, 220). Also, there was a 2.5-
fold increase in unstimulated release of [*H]PC from
slices of rabbit lungs from days 29 to 31 of gestation
(147). These studies indicate some surfactant release
from fetal lungs but probably at a low rate relative to
that of the postnatal lung.

Endogenous glucocorticoids have been suggested as
regulators of prenatal surfactant secretion as there was
a temporal correlation between increasing surfactant
efflux and plasma cortisol concentrations in the fetal
sheep (127). Indomethacin and sodium meclofenamate
decreased surfactant efflux in fetal sheep (126) so pros-
taglandins may also play a role in prenatal surfactant
release. However, it is not possible to deduce from these
studies whether the changes in efflux are a direct effect
of any mediator or secondary to changes in synthesis
rate due to the experimental design requiring long time
intervals. Neither atropine, phenoxybenzamine, nor pro-
pranolol treatment of 27-day-old fetal rabbits altered
lung stability 3 h later (43) thus suggesting negligible
tonic control of secretion via muscarinic receptors, a-
adrenoceptors or S-adrenoceptors at this time of gesta-
tion.

G. Perinatal Period

During labor and the first few hours after delivery,
there oceurs a large seeretion of surfactant. This secre-

tion is necessary for the formation of a functional layer
at the air-liquid interface. Among the questions that can
be asked are: What is the time-course of surfactant
secretion and what are the regulators of the process?

Gluck et al. (83-85) were the first to demonstrate
surfactant release following delivery. They observed an
increase in the proportion of PC content of lavages of
rabbits which was acetone-precipitable (largely satu-
rated) and a 30-fold increase in lavage concentration of
acetone-precipitable PC within 1 h of delivery. Subse-
quent biochemical investigations have reported increases
in lavage contents of phospholipids, PC, phosphatidyl-
glycerol, DSPC, or PC to sphingomyelin ratio in rabbits
and sheep following delivery (6, 39, 71, 74, 75, 92, 97,
112,113, 188, 189, 193). Similar biochemical observations
have been made on pharyngeal and tracheal aspirates of
human neonates after delivery (17, 82). Other studies in
animals have described increases in surface-active ma-
terial in lavages (139, 141) and greater lung stability
(215) after delivery. Morphological studies have reported
a loss of OLB from type 2 pneumocytes and the appear-
ance of OLB in alveoli (60, 93, 124, 132, 215).

There are suggestions that surfactant secretion rate
starts to increase in the fetus just before or during labor.
An approximately 30% reduction in the “index of intra-
cellular DSPC,” calculated from quantitative ultrastruc-
tural observations, has been described in rat lungs be-
tween early on day 22 of gestation and the time of nest-
building behaviour, some 1 to 2 h before delivery (60).
However, this decrease of intracellular DSPC was re-
ported to be followed by a marked reduction in total lung
DSPC content and an increase in intracellular DSPC by
delivery. A mechanism for this observation is difficult to
envisage. Rooney et al. (189) showed that the phospho-
lipid content of lung lavages of rabbits at delivery after
oxytocin-induced labor was almost doubled compared to
animals delivered by Caesarian section.

There are also suggestions of increased PC to sphin-
gomyelin ratios in amniotic fluid or pharyngeal aspirates
related to labour in humans (31, 32, 228). Further studies
are clearly necessary to define surfactant secretion dur-
ing the parturient process and to elucidate the control
mechanisms.

With regard to immediate postnatal surfactant secre-
tion, in many studies observations have been made at a
single time point after delivery and so information on
time course cannot be deduced. Biochemical data (71,
74, 75, 189) suggests a biphasic increase in phospholipids,
PC, and DSPC in lavages of rabbit lung in the first 24 h
after delivery. During the first phase, lasting for about 3
h, the rises in lavage contents of PC and DSPC were
associated with a fall in PC and DSPC contents of
residual lung tissue. Gluck et al. (83) had reported suc-
cessive reductions in acetone-precipitable PC in residual
lung tissue by 1 h and 6 h after delivery. These results
indicate a gradual release of stored surfactant over a few
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hours following delivery and not over a few minutes as
might be expected to be necessary to prevent immediate
alveolar collapse. Morphological studies (60, 93, 124, 132)
concur in suggesting a gradual reduction in OLB in type
2 pneumocytes over a few hours. It is possible that, in
each alveolus or group of alveoli, release of surfactant is
almost immediate as expansion occurs after delivery, but
in the entire lung, surfactant is gradually released as
areas are expanded (71, 74).

Biochemical and lung compliance investigations indi-
cate a slower rate and total amount of surfactant secreted
after delivery of premature compared to term rabbits (84,
85, 189, 215). The PC contents of lung tissue only doubles
between day 28 of gestation and term (day 32) in the
rabbit. These studies indicate in the prematurely deliv-
ered postnatal rabbit that the low lavage contents of
phospholipids may be in part a failure to secrete phos-
pholipids, as well as indicating low surfactant stores.
Similarly, the rise in PC contents of lavages after delivery
was much less in lambs suffering respiratory distress
compared to nondistressed lambs, despite a lung tissue
PC content of 50% of unaffected animals (6).

Between 6 h and 24 h after delivery in rabbits, there
are further rises in lavage contents of phospholipids, PC,
and DSPC plus a return of residual lung tissue contents
to delivery values (72, 74, 75, 189). During this period,
morphological studies have demonstrated the reappear-
ance of OLB in type 2 pneumocytes (60, 132). These
changes suggest a second phase of surfactant release.

Among the possible stimuli that have been considered
as controls.of surfactant secretion immediately postpar-
tum have been lung inflation, changes in gas partial
pressures, and chemical mediators. Lawson et al. (139)
found that the surfactant content of lavages was in-
creased in newborn rabbits after 30 min of air or nitrogen
breathing but not if tracheal occlusion was performed at
delivery. They concluded that lung expansion per se had
a role in early postnatal surfactant release. Atropine
treatment of the doe or fetus shortly before Cesarean
delivery of rabbits or treatment of the neonate immedi-
ately after delivery prevented the rise in lavage contents
of phospholipids, PC, DSPC, or surfactant by 0.5 to 1.5
h after delivery (39, 41, 72, 74, 139). Conversely
propranolol failed to prevent these biochemical changes
in newborn rabbits (39, 41, 72, 74, 141). It can therefore
be concluded that endogenous substances acting via mus-
carinic receptors, but not via §-adrenoceptors, are in-
volved in early postnatal surfactant secretion. There are
difficulties in reconciling these observations with those
of muscarinic agonists in vivo (section IV A 3 a) where
it has been suggested that muscarinic agonists have an
indirect mechanism of action involving catecholamine
release from the adrenal medulla and subsequent effects
at B-adrenoceptors. The lack of involvement of S-adre-
noceptors is clear despite evidence that agonists at 8-
adrenoceptors can enhance surfactant secretion (section
IV A 1 a) and that there is a rise in fetal catecholamine

plasma concentrations as labor is approached in the
sheep and human (117, 137). However, Lawson et al.
(139) speculated that an intrapulmonary reflex mecha-
nism may be involved, utilizing the vagus nerve, and this
conclusion is consistent with the suggestion of an addi-
tional intrapulmonary site of action of agonists at mus-
carinic receptors (section IV A 3 b). Also, morphological
studies (93, 124, 132) suggest secretion of OLB only as
each region of lung is expanded which is more compatible
with a local rather than a circulating chemical mediator.
Respiratory distress syndrome was not induced by atro-
pine treatment. Presumably this lack of effect was be-
cause the dose given was insufficient to prevent all
surfactant release or because sufficient secretion had
occurred predelivery or postdelivery by other mecha-
nisms. As neither phentolamine (2 mg/kg), mepyramine
(5 mg/kg), nor cimetidine (5 mg/kg) treatment at deliv-
ery prevented the postnatal rise in lavage contents of
DSPC in rabbits (72), it is unlikely that «-adrenoceptors
or histamine H, or H, receptors are involved in any
chemical pathways to stimulate surfactant secretion
after delivery. Possibly surfactant secretion in utero dur-
ing, but not after, labour is mediated via 8-adrenoceptors
while muscarinic receptors have a greater role postna-
tally.

V. Modulation of Lung Surfactant Synthesis Rate

There has been extensive study of the influence of
drugs and hormones on differentiation of type 2 pneu-
mocytes and the rate of surfactant synthesis. It is not
the primary purpose of this review to discuss these areas
and readers are referred to articles by Hitchcock (105),
Smith and Bogues (204), and Rooney (186) for more
detailed accounts. The majority of these studies have
been aimed at examining factors influencing surfactant
production in the fetus and newborn and only limited
information exists as to the situation in the adult animal
under normal physiological conditions.

Various indices have been used to determine the influ-
ence of hormones or drugs on lung surfactant synthesis
and on fetal lung maturation, namely rates of incorpo-
ration of labelled precursors into phospholipids, enzyme
analysis, lung tissue phospholipid contents, amniotic
fluid phospholipid content, and morphological changes.
As indicated earlier, lung lavage phospholipid content
may also reflect increased synthesis as well as increased
secretion. Agents that have been demonstrated to in-
crease lung surfactant as determined by one or other of
the above indices are listed in table 3. It should be noted
that the effects of these agents, with the exception of -
adrenoceptor agonists, have been most clearly demon-
strated in fetal animals. Glucocorticoids and thyroxine
have only a limited, if any, effect in adult animal models
(121, 181, 182) and, therefore, may only be able to influ-
ence significantly surfactant synthesis in undifferen-
tiated cell systems.

The mode of action of these agents in stimulating
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TABLE 3
Pharmacological and hormonal agents that stimulate synthesis and/or lung maturation
Agonist Species Effect Reference*

Glucocorticoids Fetal rat 1 Choline incorporation into PCt 89

Thyroid hormones Fetal rat 1 Choline incorproation into PC 90
1 Choline phosphate cytidyltransferase activity

Estrogens Fetal rabbit 1 Choline incorporation into PC 122
1 Choline phosphate cytidyltransferase activity

Prolactin Fetal rat 1 Total phospholipid 168
1 Choline and glycerol incorporation into PC

Fibroblast pneumocyte Fetal rat 1 Choline incorporation into PC 203

factor

Epidermal growth factor Fetal lamb 1 Lung maturation by morphological criteria 214

B-Adrenoceptor agonists Adult rat 1 Choline incorporation into PC 162

Muscarinic agonists Fetal rat 1 Number of osmiophilic lamellar bodies 205

* Only one reference per agent is listed. That more recent references have been selected does not imply that other work is of lesser importance.

t The abbreviation used is: PC, phosphatylcholine.

surfactant synthesis is as yet unclear. It has been sug-
gested that glucocorticoids and estrogens at least, can
stimulate one or more of the enzymes of the cytidine
diphosphate choline pathway (105, 186). Others have
argued that the primary site of action of glucocorticoids
is at the nucleus (11a). Glucocorticoids are the pharma-
cological group that has been shown most clearly to
produce differentiation of the fetal lung and enhance
surfactant synthesis (105, 204). It has been shown that,
following glucocorticoid administration to fetal animals,
there is a large rise in surfactant content of lung lavages
or tracheal fluids (e.g., 214a). The increased surfactant
in the extracellular alveolar pool is most likely secondary
to increased tissue stores. Alternatively, but less likely,
these results could be a primary consequence of a direct
effect on secretion. As glucocorticoids can increase the
number of 8-adrenoceptor ligand binding sites in fetal
lungs (section IV A I ¢) part of these effects may also be
explained in terms of an indirect action via 8-adrenocep-
tors, increasing the response of the fetal lung to secre-
tagogues.

If agonists at B-adrenoceptors only increased surfac-
tant secretion then their use would lead to depletion of
the tissue pool of surfactant (106). An observation com-
patible with this hypothesis is that 24 h after a large
dose of terbutaline administered intrafetally into rabbits,
fetal lung compliance was reduced compared to controls
(53a). Other studies have provided limited evidence to
suggest that compounds that stimulate surfactant secre-
tion can also stimulate surfactant synthesis. Abdellatif
and Hollingsworth (5) reported that adrenaline produced
an increase in total lung PC contents. Isoxsuprine has
been reported to increase [*C]choline incorporation into
DSPC and PC in fetal rabbit lung slices 1 day after
maternal administration (119). Terbutaline and isopro-
terenol have been shown to stimulate PC synthesis in
isolated type 2 pneumocytes (161). It would appear that
these effects are independent of their effects on secretion.
Mettler et al. (161) were able to inhibit the terbutaline-
mediated release of PC from type 2 pneumocytes with

colchine. Colchicine had no effect on the terbutaline-
mediated increase in PC synthesis. Meyer et al. (162)
demonstrated that the 8-adrenoceptor agonist fenoterol
increased the rate of choline incorporation into PC, an
effect that appeared to be related to an increase in choline
kinase activity. Thus, it seems possible that S-adreno-
ceptor agonists may have a direct action on the de novo
cytidine diphosphate choline pathway as well as an effect
on secretion.

VI. Conclusions

There is now substantial evidence that the type 2
pneumocyte is the site of lung surfactant formation. This
cell type exhibits many features of other more fully
investigated secretory tissues. These features include the
synthesis of a specific chemical substance, DPPC; its
storage in discrete organelles, the OLB, and the passage
of these into the extracellular space by exocytosis.

Arising from this growing concept that lung surfactant
arises from a secretory tissue has been the need to
develop methods to enable the study of agents on surfac-
tant secretion separate from their effects on synthesis.
There are now available a variety of in vivo and in vitro
methods that can be used with reasonable confidence.

There is overwhelming evidence that the type 2 pneu-
mocyte possesses B-adrenoceptors; agonists acting at
these receptors enhance surfactant secretion. Current
studies do not indicate muscarinic receptors on type 2
pneumocytes which can mediate surfactant secretion.
Increased surfactant secretion by muscarinic agonists
would appear to be indirect, involving a combination of
extrapulmonary and intrapulmonary sites of action. The
evidence for other receptors on type 2 pneumocytes, in
addition to B-adrenoceptors, is sparse. Most secretory
tissues other than type 2 pneumocytes possess receptors
for several secretagogues; perhaps further receptors are
still to be found on type 2 pneumocytes.

A simplistic view might be that g-adrenoceptor ago-
nists enhance lung surfactant secretion and glucocorti-
coids increase differentiation and synthesis. However,
there is limited support for the idea that each agent can
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affect both synthesis and secretion. Whether synthesis
and secretion are both affected independently by the
drugs or there is some feedback between increased secre-
tion and enhanced synthesis is currently unclear.

If it is accepted that a deficiency of surfactant stores
and/or synthesis has a fundamental role in the etiology
of respiratory distress syndrome and drugs that can
induce surfactant secretion may also enhance surfactant
synthesis and storage, then the possibilities for therapeu-
tic prophylaxis are widened.
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