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ABSTRACT It is unclear what factors control the
secretion of pulmonary surface active material from
alveolar type II cells in vivo. Other workers have sug-
gested that cholinergic stimuli, adrenergic stimuli, and
prostaglandins may all stimulate secretion. We isolated
type II cells from the lungs of rats by treatment with
elastase, discontinuous density centrifugation, and ad-
herence in primary culture. 8-Adrenergic agonists, but
not cholinergic agonists, caused an increase in the
release of ["*Cldisaturated phosphatidylcholine, the
major component of surface-active material, from type
II cells in culture. The B-adrenergic effect was stereo-
selective, (—)-isoproterenol being 50 times more potent
than (+)-isoproterenol. Terbutaline, 10 uM, a non-
catecholamine 8-2 adrenergic agonist, caused a release
of 2.0+0.5 (mean+SD) times the basal release of [“C]-
disaturated phosphatidylcholine in 3 h; the concentra-
tion of terbutaline causing half maximal stimulation
was 800 nM. The terbutaline effect was blocked by
propranolol, a B-adrenergic antagonist (calculated
K4 = 6 nM), but not by phentolamine, an a-adrenergic
antagonist. Isobutylmethylxanthine, a phosphodiester-
ase inhibitor, and 8-Br cyclic AMP, but not 8-Br cyclic
guanosine monophosphate, also stimulated release. We
conclude that type II cells secrete "disaturated
phosphatidylcholine in response to treatment with
adrenergic stimulation.

INTRODUCTION

Although the alveolar type II cell is recognized to be
the source of pulmonary surface-active material, it is
unclear what factors control the secretion of surface-
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active material from type II cells. Several groups of
investigators, working with whole adult animals, have
shown that hyperventilation (1-3), cholinergic
mechanisms (3-9), adrenergic mechanisms (6, 10-
15), and prostaglandins (12, 16) may all be important in
the regulation of secretion of surface-active material.
Such observations, apparently reflecting changes in
secretion, might also be a result of alterations in synthe-
sis, degradation, and(or) reuptake of the components of
lung surfactant. The interpretation of studies with
whole animals is further complicated by the cellular
heterogeneity of the lung. Because the lung contains
more than 40 different cell types (17), itis difficult, even
in experiments with intact lungs or lung slices, to dif-
ferentiate direct effects on type II cells from effects
which might be mediated through other cells. Further-
more, in experiments with whole animals, it is likely
that some effects might be mediated through organ sys-
tems other than the lung.

The problem of differentiating direct effects from in-
direct effects in the lung can be approached by a study
of a homogenous population of isolated cells. We know
of only one study to date of surfactant secretion with
such a cell population, Smith’s study (18) with the
A549 cell line, a transformed cell line derived from a
human pulmonary adenocarcinoma. We therefore
decided to study the secretion of surface-active material
by type II cells isolated from normal rats. Several
authors have described methods of isolating alveolar
type II cells (19-22); these authors all used the
enzyme trypsin to dissociate type II cells from the lung.
In preliminary experiments, we found that type II cells
isolated by one of these methods (22) secreted di-
saturated phosphatidylcholine (DSPC)! in response to

1 Abbreviations used in this paper: cAMP, cyclic AMP;
¢GMP, cyclic guanosine monophosphate; DME, Dulbecco’s
Modified Eagle’s Medium; DSPC, disaturated phosphatidyl-
choline; ECs,, concentration needed to produce half maximal
stimulation; LDH, lactic dehydrogenase.

J. Clin. Invest. © The American Society for Clinical Investigation, Inc., 0021-9738/79/03/0378/10 $1.00

Volume 63 March 1979 378-387



treatment both with 12-O-tetradecanoyl-phorbol-13-
acetate and the calcium ionophore A 23187 (23), two
substances that stimulate secretion in other cell sys-
tems. We were unable, at first, to demonstrate con-
sistent effects on secretion with various other agents,
including adrenergic agonists. Although other factors,
such as better washing of cells and longer incubation
periods, have also proved to be important, we thought
that the use of trypsin in the initial cell isolation pro-
cedure might have altered the ability of the cells to
respond to stimuli, a phenomenon that has been re-
ported in other cell systems (24-26). We therefore
developed a method of isolating type II cells with
elastase instead of trypsin. In this paper we report that
type II cells isolated with elastase secrete DSPC in
response to treatment with adrenergic agonists; in a
separate report, we will describe the details of the cell
isolation procedure using elastase. We have published

preliminary reports of these findings in abstract form
(27, 28).

METHODS

Animals. We used male rats (180-300 g) of two different
strains. We obtained Long-Evans rats from a colony main-
tained at the University of California until this colony was
closed at the end of June 1977; after this time, we used
Sprague-Dawley specific-pathogen-free rats from Hilltop
Lab. Animals, Scottdale, Pa. Type II cells isolated from these
strains responded similarly to adrenergic agonists and
antagonists. In each experiment, we used from two to six rats
to obtain type II cells.

Solutions used in the isolation of type II cells. All solu-
tions were made with double-glass-distilled water. Solution I
contained NaCl, 136 mM; KCI, 5.3 mM; sodium phosphate
buffer (pH 7.40 at 22°C), 2.6 mM; Hepes (pH 7.40 at 22°C), 10
mM. Solution II contained Solution I with CaCl,, 1.9 mM, and
MgSQO,, 1.3 mM. We made an albumin solution (fluorocarbon-
albumin emulsion) with fatty-acid-free albumin, (Sigma
Chemical Co., St. Louis, Mo.) 10 mg/ml Solution II. We then
sonicated (“L converter,” Branson Sonic Power Co., Danbury,
Conn.) 2 ml of fluorocarbon FC-75 (3M Co., St. Paul, Minn.)
with 6 ml of the albumin solution for 2 min at 75 W and diluted
this with 30 ml of albumin solution. This volume was suf-
ficient for two rats. Elastase solution contained Solution II
with elastase 40 U/ml (porcine pancreas, twice crystallized,
aqueous suspension, Worthington Biochemical Corp., Free-
hold, N. J.). We measured tryptic (29) and chymotryptic (30,
31) activity in the lots of elastase used in these experiments
and found no measurable activity (<0.2% wt/wt).

Cell isolation procedure. We used plastic or freshly
siliconized glassware throughout the cell isolation procedure.
We injected each rat intraperitoneally with 750 U heparin
(Invenex, Mogul Corp., Chagrin Falls, Ohio) and 15 mg pento-
barbital (Diamond Laboratories, Des Moines, Iowa). After the
rats were anesthetized, we perfused and then removed the
lungs as previously described (22).

We lavaged the lungs five times with Solution I, instilled
8-10 ml of the fluorocarbon-albumin emulsion into the
trachea, and incubated the lungs in 154 mM NaCl at 37°C for
20 min. We removed the lungs from the saline and lavaged
them eight times with Solution I to remove most of the fluoro-
carbon. The lungs were next lavaged with 8 ml of elastase solu-
tion. After the lavage, we added elastase solution to total lung
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capacity (8—12 ml) and incubated the lungs in 154 mM NaCl
at 37°C for 20 min. At the end of this period, we minced the
lungs 200 times with scissors (=60 s) until the final size of the
lung pieces was =1-2 mm?®. We added 5 ml of fetal calf serum
(University of California Cell Culture Facility, San Francisco,
Calif.) to inhibit further enzymatic activity, added Solution 11
to a volume of 20 ml, poured the minced lung tissue and cell
suspension into a 250-ml Erlenmeyer flask, and shook the
flask in a reciprocating water bath at 130 cycle/min for 2 min at
37°C. We filtered the cell suspension through a series of three
filters (cotton gauze, 100, and 20 um nylon mesh) (Tobler,
Ermnst, and Traber, Inc., Elmsford, N. Y.) to remove pieces of
tissue and clumps of cells. Sterile discontinuous density
gradients were made with albumin (Path-O-Cyte 4, Miles
Laboratories, Kankakee, Ill.) by layering 10 ml of albumin of
d 1.040-1.045 (range) onto 10 ml of d 1.085-1.089 (range) in a
50-ml sterile conical centrifuge tube (Corning Glass Works,
Corning, N. Y.). We layered the 20 ml of the cell suspension
(20 ml) on top of each gradient.

From this point in the cell isolation procedure, we used
sterile technique. We centrifuged the gradients at 270 ¢
(1,200 rpm) for 20 min in an International PR-Z centrifuge
(International Equipment Co., Needham Hts., Mass.) at 4°C.
The top 26 ml was discarded and 12 ml of albumin containing
the interface was removed and placed into a sterile 50-ml
centrifuge tube. Solution II was added to bring the volume to
45 ml, the cells were centrifuged at 130 g (800 rpm) for 6 min,
the supernatant liquid was removed, and the cell pellet was
washed once more with Solution II. Cells were stained wich
crystal violet and counted in a hemacytometer. The yield was
28+10 x 108 cells/rat (mean=SD; n = 22), 96+3% (n = 16) of
which excluded the vital dye erythrosin B (32). These cells
were 80+8% (n = 18) type II cells, as indicated by the modified
Papanicolaou stain (20).

Primary culture of type 11 cells and release of DSPC. We
suspended the cells (2 x 10° cells/ml) in Dulbecco’s Modified
Eagle’s Medium (DME, University of California Cell Culture
Facility) containing 10% fetal calf serum, glutamine (2 mM),
and gentamicin (10 ug/ml), added the suspension to a 75 cm?
tissue culture flask (Falcon Plastics, Div. of BioQuest, Oxnard,
Calif.) and placed the flask into a 10% CO,:90% air incubator
at 37°C. This incubator was used for all cell incubations. After
1 h, we removed the nonadherent cells and added to them
=200 nmol of “C-methyl choline (New England Nuclear
Corp., Boston, Mass.) (final specific activity in medium of
5-7 uCi/uM choline) and sufficient medium to dilute the cells
to a concentration of 0.75-1.0 x 10¢ cells/ml. We placed 1.5
ml of this cell suspension into each one of several 35-mm
plastic petri dishes (Corning) and incubated the dishes at
37°C for 22 h. During this time, type II cells adhere to plastic
and contaminating small round cells do not adhere. After 22 h,
we were thus able to remove the media and wash the ad-
herent cells three to four times, leaving the type II cells ad-
herent to the plastic. We found that the best way of removing
the nonadherent cells was to tip each plate at a 45° angle, to
flood the top edge of the plate with 3-4 ml of medium, to
remove the medium, and to repeat this procedure until almost
all the floating cells were removed; to check that washing
was adequate, we inspected the plates with an inverted micro-
scope. The adherent cells were 92+6% type II cells (n = 15);
99+1% (meanz=range; n = 2) excluded the vital dye erythrosin B.

We added 1.6 ml of DME containing gentamicin (10 ug/ml)
and albumin (3 mg/ml) (Pentex Fraction V, Miles Laboratories)
to each plate and allowed the cells to equilibrate at 37°C for
30 min. In experiments with (—)- and (+)-isoproterenol, we
added sodium ascorbate (1 mM) to the incubation medium as
an antioxidant (33). After the 30-min equilibration period, we
added 20 ul of control solutions or solutions to test release of
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[“C]DSPC from type II cells, swirled the plates to mix the
added solutions, and returned the plates to the incubator.
Every test solution was added to duplicate plates in each
experiment. Solutions of antagonists were added immediately
before agonists were added.

At the end of the incubation period, which varied in dura-
tion depending on the purpose of the experiment (see Results),
we removed the medium from each plate and centrifuged it at
70 g for 5 min to sediment cells that may have become de-
tached from the plate during the incubation period. We then
removed 0.6 ml of medium for isolation of DSPC and 0.3 ml for
measurement of lactic dehydrogenase (LDH) (34). Before
centrifugation, floating cells in some samples of media
amounted to 0.5-1.0% of total cells on the plate. After
centrifugation, the supernatant medium contained <0.25% of
the cells that adhered to the plate. We extracted the cells from
control plates by adding 1.5 ml of 95% ethanol to each plate,
scraping the cells off the bottom of the plate, and repeating this
maneuver four times.

Lung fibroblast cell lines. Cell lines WI-38, passage 28
(35), and IMR-90, passage 14 (36), two diploid fibroblast lines
derived from human lung tissue, were obtained from the
University of California Cell Culture Facility, where the lines
are stored at the temperature of liquid nitrogen. Cells were
recovered in DME supplemented with 10% fetal calf serum
in 75-cm? tissue culture flasks and grown to confluence (=6 d).
For subculture, the cell monolayers were harvested with
trypsin, plated onto 35-mm plastic culture dishes at a d
1 x 10* cells/cm? and grown to confluence. We added [“C]-
choline (final specific activity in medium was 15 uCi/uM),
washed the cells five times, added 1.5 ml of nonradioactive
medium containing albumin 3 mg/ml, and tested secretion of
[“C]DSPC as described in the previous section. In each
experiment we added solutions to duplicate plates of cells.

Isolation of DSPC. We added 4.0 ml of methanol to each
sample of medium and then added 8.0 ml of chloroform. We
evaporated the ethanolic extraction of cells to dryness under
nitrogen and then added 12.0 ml of chloroform:methanol (2:1)
to the residue. To each sample of medium or cells, we added
=1 mg of mixed lipids isolated from dog lung as a carrier and a
known amount of [BH]DSPC as an internal standard to cal-
culate recoveries. The [PHJDSPC (28.4 Ci/mmol) was pre-
pared by reacting egg phosphatidylcholine with *H gas (New
England Nuclear Corp.) and was purified by previously
described methods (37). We then extracted and isolated the
lipids (38), evaporated each sample to dryness under nitrogen,
reacted the residues with osmium tetroxide in carbon tetra-
chloride, and chromatographed the reaction products over
neutral alumina columns to isolate DSPC (39). Samples were
collected in glass scintillation vials, dioxane-water scintilla-
tion fluid (40) was added, and the radioactivity in the samples
was counted in either a Packard Tricarb (Packard Instrument
Co. Inc., Downers Grove, Ill.) or a Searle Mark II liquid scin-
tillation counter (Searle Diagnostics Inc., G. D. Searle & Co.,
Des Plaines, I11.); the counts per minute in *C were corrected
for recoveries based on the recovery of *H in each sample.
There was no variation in quenching among samples, as deter-
mined by the use of an external standard. Recoveries ranged
between 79 and 94%. We expressed the [**C]DSPC released
by the cells as (counts per minute in medium/sum of counts
per minute in cells of control plates and counts per minute in
medium of control plates) x 100. Control plates were in-
cubated for the same period of time as test plates. There were
no differences in total counts per minute in [*C]DSPC of
control plates or plates treated with terbutaline (10 uM). Mean
counts per minute in ["C]DSPC of duplicate control and
terbutaline-treated plates were: 0 time, (104,000; 106,000);
1 h, (106,000; 105,000); 2 h, (106,000; 105,000); 3 h, (98,300;
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99,300); 4 h, (97,800; 97,300). In each experiment, from two to
five control plates were processed for cellular [“C]DSPC.
Cellular [*C]DSPC varied within an experiment by 7+5%
(mean+SD; n = 15 experiments, 52 plates).

Chemicals used to study release of DSPC. Atropine sul-
fate, 8-bromoadenosine-3':5'-cyclic monophosphoric acid,
8-bromoguanosine-3':5'-cyclic monophosphoric acid, car-
bamylcholine chloride, L-epinephrine bitartrate, methacho-
line chloride, L-norepinephrine bitartrate, L-phenylephrine
HCl, and bpL-propranolol were purchased from Sigma
Chemical Co. Isoproterenol bitartrate was obtained from two
sources. One lot of (—)-isoproterenol, which we used in
initial experiments, was purchased from Sigma Chemical Co.
The other lot of (—)-isoproterenol, along with the (+)-
isoproterenol, was the generous gift of Dr. Paul Insel
(University of California, San Francisco), who obtained both
isomers from the Sterling-Winthrop Research Institute, Rens-
selear, N. Y.; we used this lot in experiments comparing the
two stereoisomers. Pilocarpine-HCIl was obtained from the
Pharmacy of the University of California, San Francisco and
was purchased from Alcon Labs, Inc., Ft. Worth, Tex. DL-
Terbutaline sulfate was the generous gift of Mr. Ralph Mod-
linger of Astra Pharmaceutical Products, Framingham, Mass.
12-O-tetradecanoyl-phorbol-13-acetate was purchased from
the Consolidated Midland Corp., Brewster, N. Y. Dimethyl-
sulfoxide was purchased from J. T. Baker Chemical Co. Phil-
lipsburg, N. J. Isobutylmethylxanthine was purchased from
Aldrich Chemical Co., Inc., Milwaukee, Wisc. Phentolamine-
HCI was the generous gift of Dr. Richard Fair, CIBA-Geigy
Corp. (Summit, N. J.).

RESULTS

We used a different preparation of type II cells in each
experiment. Therefore, n represents the number of dif-
ferent cell preparations, each cell preparation con-
sisting of pooled cells obtained from two to six rats. In
initial experiments, we found that isoproterenol,
epinephrine, norepinephrine, and terbutaline in con-
centrations of 10 uM all stimulated release of [*C]-
DSPC; carbamylcholine, pilocarpine, and metha-
choline in concentrations of 100 uM did not stimulate
release (Table I). It therefore appeared that, in our
system, release was under adrenergic control. Because
of the slow release of ["*C]DSPC, it was necessary to
use incubation periods of 1.5-3 h. Because catechol-
amines may be oxidized or degraded in this period of
time, we used the shorter incubation time (1.5 h) for in-
cubations with catecholamines. Because release of
[““CIDSPC was greater at 3 h, it was easier to compare
effects of agonists and antagonists after a 3-h incuba-
tion. We used terbutaline, a 8-sympathomimetic amine
not derived from catechol, as the adrenergic agonist in
most of our studies because it is not degraded by
catechol-O-methyl-transferase (41).

Time-course and magnitude of the release of [M*C]-
DSPC. The time-course of the release of [**C]DSPC
is shown in Fig. 1. Both the basal release and the mag-
nitude of stimulation that terbutaline caused varied
from experiment to experiment. Basal release was
1.9+0.5% (mean+SD, n = 15) of total cellular [**C]-



TABLE I
Secretion of DSPC by Alveolar Type 11 Cells

Secretion in

No. of controls
experiments (mean=*range)
T
Control 5 100
Pilocarpine, 100 uM 2 97+0
Carbamylcholine, 100 uM 4 100+21
Methacholine, 100 uM 2 105+25
L-Epinephrine, 10 uM 2 239+32%*
L-Isoproterenol, 10 uM 2 300+20*
pL-Terbutaline, 10 uM 2 310+5*
Tetradecanoyl phorbol acetate,
10 nM 5 495+ 123*

All experiments (each experiment with a different preparation
of type II cells) were performed with duplicate samples as
described in the text. Control media contained 1.6 ml DME
to which we added 20 ul of NaCl (154 mM); we added other
test solutions in a volume of 20 ul. The incubation period
was 90 min. The range of total cellular counts per minute
in [“C]DSPC was 19,600-113,000. The release of ['**C]DSPC
varied among experiments; mean release in control plates
was 2.1% of total cellular [**C]DSPC (SD = 1.0%; range 0.75-
3.35%; n = 5). We expressed the secretion of [“*C]DSPC as
the percent of the release observed in controls. The data
were analyzed by a one-way analysis of variance and a two-
tailed Dunnett’s test.

* P < 0.01, different from controls.

DSPC in 3 h; terbutaline-induced stimulation was
2.0+0.5 times the basal release (n = 11). The stimula-
tion induced by terbutaline falls within the range of
results from in vivo experiments (3, 8), in which
release stimulated by a variety of factors was between
1.4 and 2.5 times basal release in 2 h.

Comparison of a- and B-adrenergic agonists. We
next compared the stimulatory effect of DL-terbutaline,
a B-2-adrenergic agonist, with phenylephrine, an a-
adrenergic agonist (Fig. 2). The concentration of
terbutaline needed to produce half maximal stimula-
tion (EC;,) was 0.8 uM, a value which is a little lower
than the range of 2-12 uM described in other cell sys-
tems (42, 43). The decrease in stimulation seen at the
highest concentrations (termed “autoinhibition”) of
terbutaline has been observed with various B-adren-
ergic agonists; autoinhibition may be a result of cqm-
petitive inhibition by the D-isomer at high concentra-
tions, but other explanations (44) are possible and we do
not know the reason in this case.

Phenylephrine was less potent than terbutaline; the
EC;, of phenylephrine was 13 uM. The stimulation
induced by phenylephrine (10 uM) was blocked by
propranolol (50 uM), a B-adrenergic antagonist, but, in a
single experiment, was not blocked by phentolamine,
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an a-adrenergic antagonist (data not shown). Therefore,
phenylephrine would appear to act through B-adren-
ergic mechanisms; many agonists, at higher concentra-
tions, lose specificity (44, 45).

Stereospecificity. The B-adrenergic receptor sys-
tem is stereospecific, (—)-isomers being considerably
more potent than (+)-isomers (45, 46). A comparison of
(—)- and (+)-isoproterenol is shown in Fig. 3; the in-
cubation time for these experiments was 1.5h. The
EC;, of the (—)-isomer was 4 nM; the EC;, of the (+)-
isomer was 200 nM. The (—)-isomer was =50 times
more potent than the (+)-isomer. The release of [**C]-
DSPC stimulated by isoproterenol in these two experi-
ments was less than that observed with L-isoproterenol
obtained from Sigma Chemical Co. (Table I).

Inhibition of the terbutaline effect by propranolol.
The release induced by terbutaline was inhibited by
DL-propranolol, as shown in Fig. 4. With the equations
of Cheng and Prusoff (47) and the EC;, of terbutaline

%% osec

Released
6l
Terbutaline 10uM
4

Control

1 1 1
Y 60 120 180 240

Minutes

FIGURE 1 Time-course of the release of [*C]JDSPC. The
percent of total cellular ["*C]DSPC released into the medium
is indicated on the ordinate. The duration of the incubation
period with terbutaline or control solutions is indicated on the
abscissa. The incubation period was begun after the cells were
washed and placed at 37°C to equilibrate for 30 min. For
details, see text. Basal release of [*C]DSPC is indicated by
O; release stimulated by DL-terbutaline [10 uM] is shown by
®. Each point represents the mean of six samples; the samples
were duplicate samples from three experiments, each experi-
ment with a different preparation of type II cells. Bars denote
the standard errors of the means. Values for control and
terbutaline-treated cells, when compared by an unpaired
Student’s t test, were statistically significantly different at the
P < 0.01 level for all time points except zero time. Mean
counts per minute in [“C]JDSPC of duplicate control and
terbutaline-treated plates were not different; for details,
see text. The means of total counts per minute in control plates
were, for the three experiments at zero time: 22,700, 23,000,
and 105,000.

381



% Secretion Induced by
Terbutaline [I00xM]

100}~ ]

Terbutaline

{

501 I

- { Phenylephrine
ope—G8
5]
T 1 ] | 1 | 1
9 7 5 3

-Log o logonist | (M)

FIGURE 2 Dose-response curves of DL-terbutaline and
phenylephrine. The release of [*C]DSPC induced by DL-
terbutaline [100 xM] minus the basal release at the end of a
3-h incubation was normalized to 100% and is indicated on the
ordinate. The concentrations of terbutaline and phenyleph-
rine in samples of cells are expressed on the abscissa. Ter-
butaline (@) induced arelease that was maximal ata concentra-
tion of 100 uM; the EC;, was 0.8 uM (800 nM). Phenyleph-
rine (0) induced a maximal release that was 74% of the maximal
release induced by terbutaline; the EC;, of phenylephrine
was 13 uM. Each point represents the mean of duplicate
samples from each of two experiments with different prepara-
tions of type II cells. Values for terbutaline and phenyleph-
rine, when compared by an unpaired Student’s ¢ test, were
statistically significantly different at the P < 0.01 level for all
points except those at 10 uM, which were significant at the
P = 0.02 level. In the two experiments, the means of total
cellular ["*C]DSPC in control plates were 38,200 and 76,300
cpm; cells treated with control solutions released 1.2 and 2.3%
of total cellular counts per minute; 100 uM terbutaline in-
duced 2.1 and 4.6% secretion, respectively.

from Fig. 2, one can calculate the apparent K, of
propranolol for the type II cell; this was 6 nM. This
value is within the range of 2-8 nM reported in other
systems (42, 46, 48). Phentolamine, even at high con-
centrations, did not inhibit the release induced by
terbutaline (Fig. 4) nor did atropine (10 uM), a choliner-
gic antagonist (10 uM terbutaline, 3.8+0.2% of the total
cellular [“C]DSPC; 10 uM terbutaline + 10 uM atropine,
3.8+0.1% [mean+SD, n = 3]).

It is unclear why higher concentrations of propanolol
(1 mM) did not inhibit release. Although there are
reports of mild stimulation by high concentrations of
certain adrenergic antagonists, propranolol is not
among the compounds reported to cause such stimula-
tion (44). The enhanced release of DSPC in this case is
apparently not merely a toxic effect because there was
no increase in LDH in the medium.

Effect of cyclic nucleotides. Stimulation of the B-
adrenergic receptor appears to be associated with an
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increase in the activity of adenylate cyclase (26). We
found that treatment with exogenous 8-Br cyclic
(c)AMP caused a significant increase in the release of
[“C]DSPC, whereas treatment with 8-Br cyclic
guanosine monophosphate (cGMP) had no effect. Iso-
butylmethylxanthine, a phosphodiesterase inhibitor,
also increased the amount of [**C]DSPC released by
type II cells; 8-Br cAMP enhanced the effect of iso-
butylmethylxanthine (Table II).

Determination of LDH in medium and cells. We
measured the amount of LDH in medium and cells as
a measure of possible cellular toxicity; if cells are
damaged, a cytoplasmic enzyme such as LDH may be
released into the medium. We found between 0.5 and
3.0% of total cellular LDH in the medium after we in-
cubated cells with control solutions for 3 h. The only
chemicals that caused release of LDH above control
levels were phenylephrine, (+)-isoproterenol, and
dimethylsulfoxide. Phenylephrine, in concentrations
<100 M, did not increase the release of LDH; 100
uM concentrations induced a release that was double,

% Release

Stimulated

Over Base line
100

75K

(- )-Isoproterenol
50

251 (+)-1Isoproterenol

L 1 I | 1 | |
10 9 8 7 6 5 4 3

-Log,, [agonist] (M)

FIGURE 3 Dose-response curves of (—)-isoproterenol and
(+)-isoproterenol. The release of [“C]DSPC in 90 min is
expressed on the ordinate as “percent release stimulated over
base line” or ([stimulated release-control release]/control
release) x 100. Concentrations of (—)-isoproterenol (O) and
(+)-isoproterenol (A) are noted on the abscissa. Each point is
the mean of two experiments with different preparations of
type II cells. Each experiment was performed with duplicate
samples. Bars denote the range of the two experiments. When
values for the two stereoisomers were compared by an un-
paired Student’s ¢ test, only the points at 0.1 uM were sta-
tistically significantly different at the P < 0.05level. In the two
experiments, the means of total cellular [“C]DSPC in
duplicate samples were 66,200 and 113,000 cpm; cells treated
with control solutions released 1.4 and 3.2% of total cellular
counts per minute, respectively. Points without bars indicate
the mean of duplicate samples from one experiment only. The
concentration of (—)-isoproterenol causing half maximal
stimulation was 4 nM; the concentration of (+)-isoproterenol
causing half-maximal stimulation was 200 nM.
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FIGURE 4 Action of a- and B-adrenergic antagonists on the
terbutaline-stimulated release of ["*C]DSPC. All samples
were incubated with terbutaline (10 uM) for 3 h. Solutions
of phentolamine, an a-adrenergic antagonist, or DL-propran-
olol, a B-adrenergic antagonist, were added to duplicate
samples in each of two experiments with different prepara-
tions of type II cells just before the addition of DL-terbuta-
line (for details, see text). In the two experiments, the means
of total cellular ["*C]DSPC in duplicate samples were 37,400
and 38,300 cpm; cells treated with control solutions released
1.2 and 1.6% of total cellular counts per minute; and 10 uM
terbutaline induced 3.3 and 3.8% secretion, respectively. The
release of [“*C]DSPC is expressed on the ordinate. Concen-
trations of phentolamine (A) and propranolol (A) are indicated
on the abscissa. Error bars denote the range between the two
experiments. Phentolamine did not inhibit the terbutaline-
induced release of ["*C]DSPC. Propranolol, at concentrations
of 0.1 uM to 0.1 mM inhibited the terbutaline-induced release
(P < 0.01 by a paired Student’s t test). One can calculate the K,
of propranolol and the B-receptor by using the equations of
Cheng and Prusoft (47): K; = K, I50/(K + S), where S = sub-
strate concentration; K,, = dissociation constant of substrate,
here assumed equal to the EC;, of terbutaline in Fig. 2; I;,
= concentration of inhibitor causing half maximal inhibition of
substrate. The K, for propranolol calculated in this manner is
6 nM.

and 1 mM concentrations induced arelease of LDH that
was eight times control values. All concentrations of
(+)-isoproterenol <1 mM did not cause an increase in
LDH release; 1 mM (+)-isoproterenol caused cells to
release double the amount of LDH that controls re-
leased. Because we dissolved isobutylmethylxanthine
in dimethylsulfoxide, all media that contained isobutyl-
methylxanthine also contained 1.25% (vol/vol) di-
methylsulfoxide. This concentration of dimethylsul-
foxide caused cells to release three times the amount
of LDH that controls released; the addition of isobutyl-
methylxanthine did not further increase the amount of
LDH released.

Release of [“CIDSPC from lung fibroblasts. WI-
38 cells released 0.8+0.1% (mean+=SD; n = 3) of total
cellular [“C]DSPC when treated with control solu-
tions for 1.5 h and 0.8+0.1% (n = 3) when treated with
10 uM terbutaline. Cells treated with control solutions
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contained 8,040+2,100 cpm (mean+=SD; n =3) in
DSPC and cells treated with terbutaline contained
8,700+2,160 cpm (mean+SD, n = 3). The control and
treated cells were not statistically different in cellular
content of [“C]DSPC or in percent of [“C]DSPC
released, when compared by a paired ¢t test.

IMR 90 cells released 1.0+0.3% (mean+SD; n = 3)
of total cellular [**C]DSPC when treated with control
solutions for 1.5 h and 0.8+0.2% when treated with 10
uM terbutaline. Cells treated with control solutions
contained 11,600+1,710 cpm as DSPC (mean+SD;
n = 3), and cells treated with terbutaline contained
11,100+1,800 cpm. The control and treated cells were
not statistically different in cellular content of [*C]-
DSPC or in percent of [*C]DSPC released when com-
pared by a paired ¢ test.

DISCUSSION
We have shown that pulmonary alveolar type II cells
can be isolated in high purity from the lungs of rats by

TasBLE 11
Effect of Cyclic Nucleotides on Release of [*CIDSPC

Secretion in

No. of controls
Agonist concentration experiments (mean=SD)
Control 4 100
+ 8-Br cAMP, 100 uM 4 188 +29*
+ 8-Br cGMP, 100 uM 4 10310
Dimethylsulfoxide, 1.25% 4 146+19
+ isobutylmethylxanthine,
100 uM 4 213+30*
+ isobutylmethylxanthine,
100 uM + 8-Br cAMP,
100 uM 4 272+56*1§
+ isobutylmethylxanthine,
100 uM + 8-Br cGMP,
100 uM 4 198+51*¢

Cells were incubated with agonists for 90 min as indicated
in the text. Control media contained 1.6 ml DME to which
we added 20 ul of NaCl (154 mM); we also added solutions
of agonists in volumes of 20 ul. We dissolved isobutyl-
methylxanthine in dimethylsulfoxide; therefore, all solutions
that contained isobutylmethylxanthine also contained 1.25%
(vol/vol) dimethylsulfoxide. Total counts per minute in
[C]DSPC and percent released in control plates were, for
each of four experiments with different cell preparations
(mean of duplicate samples): 55,800 cpm, 2.0%; 66,100 cpm,
0.8%; 67,300 cpm, 1.5%; 113,000 cpm, 3.2%. We analyzed
these data by a two-way analysis of variance, a two-tailed
Dunnett’s test, and a Newman-Keul’s test. Release in plates
with dimethylsulfoxide alone was not statistically different
from controls.

* P < 0.01, when compared to controls.

1 P < 0.005, when compared to dimethylsulfoxide.

§ P < 0.001, when compared to isobutylmethylxanthine or to
isobutylmethylxanthine + 8-Br cGMP.
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treatment with elastase, an enzyme that few workers
(49-51) have reported using to isolate cells. Alveolar
type II cells so isolated release DSPC in response to
B-adrenergic agonists in concentrations similar to the
physiologic concentration of epinephrine (52); the
response is stereoselective, is inhibited by a 8-adren-
ergic antagonist, and is not inhibited by an a-adrenergic
antagonist. It is likely that the release of DSPC is the
result of -2 rather than 8-1 adrenergic stimulation, be-
cause terbutaline is a fairly selective B-adrenergic
agonist (53), but this issue would be best decided by the
results of experiments with selective -1 and 8-2 block-
ing agents. The release of DSPC is also stimulated by
8-Br cAMP and a phosphodiesterase inhibitor, but is
not stimulated by 8-Br cGMP. Although these data
are consistent with the hypothesis that the release of
DSPC is under adrenergic control, the effects of both
the cell isolation procedure and the subcellular lo-
calization of [“C]DSPC on the interpretation of the
present studies must be considered.

Proteolytic enzymes used in cell isolation procedures
may alter the responses of cells. Whether such enzy-
matic effects are stimulatory or inhibitory, reversible or
irreversible, varies, depending on both the function
and the cell system studied. We are not aware of
descriptions of the effects of elastase on whole cells.
However, Hanoune et al. have reported (54) that treat-
ment of liver plasma membranes with crude col-
lagenase or with “chromatographically pure elastase”
stimulates membrane adenylate cyclase activity; the
magnitude of the response to epinephrine was greater
after enzymatic treatment, but the dose-response rela-
tionship to epinephrine was not shifted. These authors
inferred that the effect of enzymatic treatment was be-
cause of increased numbers of available catalytic sites
(perhaps “unmasked” after enzymatic treatment) or in-
creased catalytic content of adenylate cyclase, rather
than because of an altered affinity of the membrane
receptors. We cannot exclude that a similar effect could
be operating in our system. While trypsin did not
stimulate cyclase activity in the liver plasma membrane
system, trypsin has been shown, in some systems (55),
to increase responsiveness to B-adrenergic agonists
and, in other systems, to decrease responsiveness
(24-26). We recently have been able to show that type
11 cells isolated with crystalline trypsin (22) also secrete
DSPC when treated with terbutaline? and, although
we have not characterized the response of cells isolated
with trypsin in the same fashion as we have with cells
isolated with elastase, we believe that the response to

2 In two experiments with different cell preparations, con-
.trol cells released 1.4 and 0.9% of total cellular [*C]DSPC,
and cells treated with 10 uM terbutaline released 2.4 and
1.5%, respectively.
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B-adrenergic stimuli is unlikely to be merely an artifact
of the isolation procedure.

The percentage of total cellular ["*C]DSPC released
by type II cells treated with adrenergic agonists is
small and the release occurs slowly, over hours. Al-
though our findings are consistent with published
reports on secretion stimulated in vivo (3, 6, 8), it is
possible that the effect that we and others have ob-
served is because of a shift in pools of DSPC, rather
than because of an increase of secretory activity. We did
not find differences in total cellular content of [**C]-
DSPC in control and terbutaline-treated cells. How-
ever, it should be kept in mind that DSPC is not unique
to surface-active material, but is also found in some cell
membranes. We do not know the subcellular compart-
mentalization of ["*C]DSPC in type II cells. Young and
Tierney (56) suggested that there was more than one
pool of dipalmitoylphosphatidylcholine in the rat lung.
They recovered only =40% of total labeled dipalmitoyl-
phosphatidylcholine in lung lavage in 24 h. Jobe (57)
found that only 30-40% of labeled phosphatidyl-
choline was recoverable from the alveolar space of rab-
bit lungs. We have observed a maximal release of 36%
of total cellular [*C]DSPC (58). Therefore, it is pos-
sible that only =40% of [“C]DSPC in isolated type 11
cells could be secreted in 24 h. There are several pos-
sible explanations of these findings, including in-
corporation of label into cell components other than
surface-active material, secretion of different pools of
surfactant at different rates, reuptake or degradation of
DSPC after secretion, and multiple stimulatory and
inhibitory influences on secretion. Determination of
the specific activities of secreted material and knowl-
edge of the subcellular localization of the components
of surface-active material would help to decide which
alternatives are correct, but present methods of ob-
taining type II cells do not yield adequate numbers of
cells to make these kinds of measurements. Therefore,
although we believe that B-adrenergic stimulation in-
creases secretion of [“C]DSPC from intracellular
pools of surface-active material, we cannot exclude co-
existent effects on intracellular pools.

We found that lung fibroblasts also release a small
amount of [*C]DSPC; this is less than type II cells
release, and the release is not stimulated by 10 uM
terbutaline. We do not know the source of the DSPC
from fibroblasts. Cell ghosts or fragments that do not
sediment at 70 g seem a likely source, but we cannot
rule out an exchange with trace amounts of lipids in the
incubation medium or secretion by fibroblasts.

It has been suggested by other workers that adren-
ergic stimulation may enhance release of surface-active
material. Kero et al. (10) reported that there were no
cases of respiratory distress syndrome of the newborn
among a group of premature (28-32-wk gestational age)
infants whose mothers had received isoxsuprine, a



labor supressant, before delivery. Wyszogrodski et al.
(11) showed that injections of 0.5 mg of isoxsuprine to
28-d-old rabbit fetuses 3 h before delivery increased
the lung stability of the rabbits after delivery. This in-
crease in stability, the authors felt, might be a result of
an increase in the amount of alveolar surface-active
material. Recently, Corbet et al. (15) demonstrated that
this stabilizing influence of isoxsuprine could be
blocked by propranolol but not by phenoxybenzamine.
Olsen (6) found that isoproterenol, in a single injection
to a rat, caused a decrease in the number of lamellar
bodies per type II “cell profile” and an increase in the
phospholipid content of lung lavages; this effect could
be blocked by propranolol. Oyarzin and Clements (12,
16) found that the hyperventilation-stimulated release
of phospholipid into lung lavage could be inhibited by
propranolol and sotalol. The results of our study are
compatible with these in vivo experiments and may
help to explain these observations by demonstrating
that isolated type II cells respond directly to 8-adren-
ergic agonists. Recently, Oyarzin and Clements (12)
confirmed that our findings with type II cells are
relevant in vivo. They demonstrated that terbutaline
administered via the pulmonary artery can increase the
amount of phospholipid and DSPC in lung lavage; this
increase was blocked by propranolol. There is thus
reasonable evidence that B-adrenergic stimuli can in-
crease the release of components of lung surfactant,
but, of course, the overall role of adrenergic stimuli in
the control of surfactant flux in states of health, stress,
and disease is not known at the present time.

If the secretion of pulmonary surfactant from type II
cells is, at least in part, under adrenergic control, the
source of such adrenergic control remains a matter of
speculation. At first consideration, the adrenal medulla
would seem to be the most likely source of catechola-
mines. It may be that intrapulmonary sources of adren-
ergic stimulation also exist, for both parasympathetic
and sympathetic nerves to the lung contain efferent
fibers (59). However, it is not well accepted that nerves
are commonly found distal to the terminal bronchioles.
Meyrick and Reid (60), working with rats, reported that
nerve endings are rare in alveolar walls. Moreover,
when the authors did find nerve endings, those nerve
endings resembled sensory rather than motor neurons.
Hung et al. (61), working with mice, described two
distinct types of enlarged axons in the alveolar walls.
These workers frequently found axons resembling
sensory nerve endings close to alveolar type II cells.
They found, but less frequently, a second type of nerve
ending closely associated with type II cells. Nerve
endings of this second type were “packed with many
dense core vesicles” and Hung et al. speculated that
these endings might serve a motor function. This
second type of nerve ending did not have typical ultra-
structural characteristics of either adrenergic or cholin-
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ergic fibers. To decide whether or not these nerve end-
ings have a functional relationship to alveolar type II
cells will require further study.

Several research groups have presented evidence
that the secretion of lung surfactant may be mediated
by cholinergic mechanisms. We have not found that
cholinergic agonists or antagonists alter the release of
DSPC from type II cells isolated with trypsin or
elastase. This lack of response could be because of
damage of a cell surface receptor by the isolation pro-
cedure, but it could also be that isolated cells do not
respond normally because the cells are isolated.
Isolated cells are different in several important respects
from cells in the lung: the isolated cells may have lost
cell polarity and normal cell-cell interactions and they
do not receive physical stimuli produced by the normal
process of ventilation. These anatomical and physical
factors may be important in the regulation of surfactant
secretion.

It is possible, however, that in whole animal studies
cholinergic stimuli do not affect type II cells directly.
Several different investigators (5-8) have presented
data that suggest that pilocarpine stimulates secretion
of surfactant; in some experiments (6-8) the pilo-
carpine effect was inhibited by atropine. These workers
interpreted their results as evidence that the secretion
of surfactant is under cholinergic control, which may be
the correct interpretation. However, it is well estab-
lished (62-64) that pilocarpine stimulates secretion of
catecholamines from the adrenal medulla and that this
stimulation can be inhibited by atropine. Therefore,
pilocarpine might act indirectly, by stimulating the
release of catecholamines, to alter surfactant secretion.
The recent work of Corbet et al. (15), in which the
pilocarpine effect on the pressure-volume curve of fetal
rabbit lungs was blocked by propranolol, as well as
atropine, suggests this may well be the case. Other sub-
stances that stimulate secretion of surface-active
material, such as thyroid hormone, may also act in-
directly, either by altering the content of catechola-
mines in the adrenal medulla (65) or by altering cellular
responsiveness to adrenergic compounds (66).

Of course, more than one class of pharmacologic
compounds might directly stimulate type II cells to
secrete surface-active material. Oyarziin and Clements
(3) have shown that acetylcholine, infused into one pul-
monary artery, increased the phospholipid recovered
in lavage of the ipsilateral lung. This finding could be
the result of a direct stimulation of type II cells by
acetylcholine-induced release of other mediators
(prostaglandins or adrenergic agonists), with only a
secondary effect on type II cells. Further experiments,
both with isolated cells and with whole animals, are
needed to test these possibilities.

Thus, whether alveolar type II cells, as we isolate
them, are unable to respond to cholinergic stimuli be-
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cause of a loss of function, or whether cholinergic
stimuli in vivo act only indirectly (through the adrenal
medulla and speculative intrapulmonary mechanisms)
remains unclear. There may well be several factors
that stimulate secretion of pulmonary surfactant. We
have shown that isolated alveolar type II cells release
DSPC in response to direct 8-adrenergic stimulation. It
seems likely to us that secretion of surface-active
material in vivo is modulated by B-adrenergic mecha-
nisms acting directly on type II cells. Our results do not
rule out the participation of other factors in the regula-
tion of surfactant secretion in the whole animal.
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