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ABSTRACT. We studied P-adrenergic receptors and re- 
sponses in human fetal lung (15-25 wk gestation) main- 
tained in explant culture with and without added dexa- 
methasone. To determine P-adrenergic receptor concentra- 
tion, we performed radioligand binding assays with [lZ5I]- 
iodocyanopindolol. We also examined the ability of isopro- 
terenol to stimulate cAMP generation as a measure of 
response to P-adrenergic receptor occupancy. In control 
cultures, P-receptor concentration increased significantly 
from d 0 to 3 of culture and thereafter remained stable. 
The kd (-24 pM) of [1251]-iodocyanopindolol did not change 
with time in culture. The ability of isoproterenol to stimu- 
late cAMP generation over basal levels increased in con- 
trols throughout the 5 d in explant culture. Addition of 
dexamethasone (10 nM) to the culture medium partially 
blocked the increase in ,f3-receptor concentration and de- 
creased both cAMP content and generation (basal and 
stimulated) in a dose-dependent manner (median effective 
concentration -1 nM). In these same explants, dexameth- 
asone increased the activity of fatty acid synthetase, an 
enzyme important in surfactant synthesis, more than 2- 
fold. Our results indicate that P-adrenergic receptors and 
isoproterenol stimulation of cAMP generation increase 
spontaneously in human fetal lung grown in explant culture. 
Dexamethasone, which accelerates other aspects of human 
lung development in vitro, decreases P-adrenergic receptor 
concentration and inhibits P-adrenergic responses. (Pediatr 
Res 28: 190-195,1990) 

Abbreviations 

ICYP, [1251]-iodocyanopindolol 

There is increasing clinical and experimental evidence that /I- 
adrenergic responses play a key role in the adaptation of the fetal 
lung to extrauterine life (I). In vivo and in vitro, P-adrenergic 
agonists and cAMP analogues stimulate surfactant release and 
the synthesis of surfactant apoprotein and lipid. P-adrenergic 
receptors have been identified in human fetal lung during early 
gestation (2, 3) and the receptor concentration has been shown 
to increase between 15 and 23 wk gestation (3). In addition, lung 
P-adrenergic receptors are functionally linked to adenylate cy- 
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clase, as evidenced by the ability of isoproterenol to stimulate 
cAMP generation in human fetal lung as early as 20 wk gestation 
(3). 

Although the effects of explant culture and glucocorticoids on 
the P-adrenergic response cascade in human fetal lung have not 
been previously studied, several groups have demonstrated en- 
hancement of morphologic maturation and increased surfactant 
synthesis in fetal lung of different species in vivo and in explant 
culture after glucocorticoid treatment (4). Maternal dexametha- 
sone treatment increases the concentration of pulmonary P- 
adrenergic receptors in fetal rabbit (5, 6). In explant cultures of 
fetal rabbit (7-9) and rat (10) lung and in a cell line derived from 
adult human lung (1 I), glucocorticoids increase the concentra- 
tion of P-adrenergic receptors. Additionally, maternal glucocor- 
ticoid treatment increased high affinity agonist P-receptor com- 
plexes in fetal rabbit lung (7), a functional alteration found 
previously in some adult tissues (12). In this study, we measured 
the concentration of P-adrenergic receptors and stimulation of 
cAMP generation in human fetal lung in explant culture. The 
effect of dexamethasone on the P-adrenergic response cascade in 
particulate fractions of human fetal lung explants was also deter- 
mined. We found that P-adrenergic receptor concentration and 
p-adrenergic agonist-stimulated cAMP generation increase spon- 
taneously but asynchronously in explant culture and, surpris- 
ingly, both of these responses are partially inhibited by dexa- 
methasone. 

MATERIALS AND METHODS 

Explant culture. The human fetal lung explant culture system 
previously described (1 3) was used in these studies. Human fetal 
lung tissue was obtained from abortuses after elective termina- 
tions of pregnancy by dilatation and evacuation in the second 
trimester under a protocol approved by the UCSF Committee 
on Human Experimentation. Lungs were chopped into 1 mm 
cubes and cultured in 60 mm plastic dishes at a density of 50- 
100 mg tissue (wet wt) per dish and incubated in Waymouth's 
MB752/1 culture medium on a rocking platform at 37°C in a 
humidified atmosphere of 95% air/5% C 0 2  for up to 5 d. One 
or more dishes from a single fetus maintained similarly are 
termed a set. The day of preparation was designated d 0. Explants 
in most cases were maintained without dexamethasone overnight 
(approximately 16 h), then treated explants had dexamethasone 
added at the time of the culture medium change the following 
day (d 1); control explants had culture medium with an equiva- 
lent volume of 70% ethanol (the diluent for the dexamethasone) 
added (final ethanol concentration 0.03%). Fresh medium was 
added on alternate days. Lung tissue for preculture (d 0) deter- 
minations of receptor concentration or cAMP generation was 
collected immediately after chopping. The explants of lung tissue 
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were otherwise collected at specified times. Samples for deter- 
mination of receptor concentration were frozen and stored at 
-70°C until membrane preparation. We have previously shown 
that under these conditions P-adrenergic receptor concentration 
was not different from that in fresh specimens (3). Samples for 
determination of cAMP generation were processed immediately 
after harvesting. 

Reagents. [2-14C]-malonyl CoA (4 1.1 mCi/mmol), ICYP 
(2200 Ci/mmol), and [3H]-cAMP (32 Ci/mmol) were purchased 
from New England Nuclear Corporation (Boston, MA). 1-Isopro- 
terenol bitartrate, 3'5'-CAMP-dependent protein kinase, 3-iso- 
butyl-1-methylxanthine, and other chemicals were purchased 
from Sigma Chemical Company (St. Louis, MO). Waymouth's 
MB752/1 culture medium was obtained from the Cell Culture 
Facility, UCSF, and was supplemented with penicillin (100 U/ 
mL), streptomycin (100 pg/mL), and fungizone (2.5 pg/mL). 

Membrane preparation. Partially purified membrane particu- 
lates were prepared by differential centrifugation as previously 
described (3). Protein concentration was determined using the 
Bradford method (14) with BSA as the standard. The partially 
purified crude membrane particulates were frozen in liquid ni- 
trogen and stored at -70°C until assayed. 

Binding studies. To determine the P-adrenergic receptor con- 
centration, saturation isotherms with concentrations of ICYP 
from 0.1 to 10 kd (4-400 pM) were performed with membrane 
particulates from 17 explant cultures (1 2 controls and five dex- 
amethasone-treated) and analyzed as we have previously de- 
scribed (3). Because these preliminary experiments indicated no 
change in affinity with the different treatments (27 k 3 nM 
control, 22 f 2 nM dexamethasone-treated, p > 0.5, t test), we 
performed "one-point assays." In these assays, triplicate samples 
of each membrane particulate (30 pg protein) were incubated at 
30°C for 90 min in 0.25 mL containing 50 mM Tris, 4 mM 
magnesium chloride buffer (pH 7.4), 1 mM ascorbic acid, 160 
pM (-5 b) ICYP, and 100 pM HC1 for total binding or 100 pM 
isoproterenol in 100 pM HC1 to determine nonspecific binding. 
Filtration and washing were as described for standard saturation 
isotherms (3). There was no significant difference between the 
receptor concentrations determined by the saturation isotherm 
and the one-point method (data not shown). Therefore, to con- 
serve tissue, the one-point method was used in most experiments. 

CAMP generation. cAMP content was determined by incubat- 
ing duplicate samples of 25 to 30 mg of freshly harvested tissue 
from explant culture in 0.25 mL 5 mM Tris and 0.9% NaCl, 1 
mM 3-isobutyl-1-methylxanthine (a phosphodiesterase inhibi- 
tor), 0.1 mM ascorbic acid, and 100 pM HC1 for 10 min at 4°C. 
Basal cAMP generation was determined by incubating duplicate 
samples of tissue in an identical buffer solution for 10 min at 
37°C. Stimulation of cAMP generation was performed with 1 
pM isoproterenol or 100 pM forskolin in 1 % DMSO. Preliminary 
studies indicated no stimulatory effect of 1% DMSO. For all 
determinations, the reaction was stopped with an equal volume 
of 10% trichloroacetic acid. After homogenization and centrifu- 
gation, three consecutive 5: 1 ether extractions were performed 
to remove trichloroacetic acid. Remaining ether was evaporated 
in a 70°C water bath for 20 min. cAMP concentration was 
assessed either by a modification of the assay of Gilman (1 5), as 
previously described (3), or by a modification of the RIA de- 
scribed by Brooker et al. (16). 

Fatty acid synthetase activity. The activity of fatty acid syn- 
thetase (EC 2.3.1.85) was determined by the incorporation of 
radioactive malonyl CoA by a modification (17) of the method 
of Roncari (18). Incubation time was 15 min. Enzyme activity 
is expressed as nmol malate incorporated per mg protein per 
min. The assay was linear between 10 and 150 mg protein per 
mL reaction mixture for 20 min and was optimized for concen- 
trations of substrates and cofactor, which were prepared fresh. 

Calculations and data analysis. Receptor concentration for 
the saturation analysis was determined by a computer-assisted 
analysis (19) of bound ICYP as a function of free ICYP; the data 

were then arrayed as described by Scatchard (20). Receptor 
concentration for the one-point analysis was calculated by sub- 
tracting nonspecific binding from total binding. Data for cAMP 
generation were derived from a linear regression using standard 
curves obtained from known amounts of nonradioactive cAMP 
added to the buffer. Previous studies indicated identical cAMP 
data derived from standard curves obtained with either nonra- 
dioactive cAMP added to buffer or to tissue extracts (3). Statis- 
tical analysis was by one- or two-factor analysis of variance, or 
where indicated, by linear regression analysis. Data are presented 
throughout as the mean plus or minus SEM. 

RESULTS 

The concentration of P-adrenergic receptors in 16-24 wk 
human fetal lung explants increased significantly during explant 
culture in the absence of added dexamethasone (Fig. 1). Receptor 
concentration increased significantly between d 0 and 1 and 
between d 1 and 3, but did not change thereafter. The maximum 
receptor concentration after culture was 185 f 15 fmol/mg 
membrane protein. The kd for ICYP (-24 pM), determined from 
computer analysis of saturation isotherms, was the same in those 
membrane particulates prepared from explants either with or 
without dexamethasone exposure and did not change with time 
in culture (data not shown, n = 18). cAMP content and basal 
cAMP generation in human fetal lung explants (15.2-25 wk) did 
not change with time in culture except for d 1 when both values 
were significantly higher than at d 0 or 5 (Fig. 2A). By contrast, 
the absolute value of isoproterenol stimulation of cAMP in- 
creased significantly with time in culture. When cAMP genera- 
tion was expressed as isoproterenol-stimulated generation minus 
basal generation, there was an increase in net cAMP generation 
with time (Fig. 2B). Similarly, when isoproterenol-stimulated 
cAMP generation was expressed as multiples of basal generation, 
there was a linear increase with time in culture at each day 
examined (r2 = 0.82, Fig. 2C). 

Addition of dexamethasone (10 nM) to the culture medium 
decreased the concentration of P-adrenergic receptors compared 
with that of controls (Fig. 3); this difference reached statistical 
significance after 4 d in culture (72 h exposure). 

Initial experiments examined the effects of 10 nM dexameth- 
asone on cAMP generation in minces. This concentration of 
dexamethasone maximally stimulates both choline incorporation 
into phosphatidylcholine in fetal rabbit lung explants (21) and 

Days in Culture 
Fig. 1. P-adrenergic receptor concentration as a function of days in 

explant culture. Explants were harvested at specified times and partially 
purified membrane particulates were prepared. * and ** indicate signifi- 
cant differences by analysis of variance from d 0 and 1, respectively (p  
< 0.05). Data are the mean and SEM of triplicate determinations (n is 
indicated inside bar). 



192 DAVIS ET AL. 

A 0 1 3 5 

Days in Culture 

B 0 1 3 5 

Days In Culture 

c O 1 2 3 4 5 6 

Days in Culture 

Fig. 2. cAMP generation as a function of time in culture. Explants 
were harvested at the days indicated and cAMP generation was deter- 
mined. A, Absolute values of cAMP content (open bar), basal generation 
(solid bar), and isoproterenol- (10 pM) stimulated generation (cross- 
halched bar). * indicates a significant increase over d 0 ( p  < 0.05, analysis 
of variance). Day 5 content and basal generation are also less than at d 
1 ( p  < 0.05, analysis of variance). Data are the mean and SEM of 

Days in Culture 

Fig. 3. P-adrenergic receptor concentration after treatment with 10 
nM dexamethasone (Dex). Two-way analysis of variance indicated a 
significant reduction after treatment (* p < 0.05). Data are the mean and 
SEM of triplicate determinations of six sets of explants at d 3 control, 
three at d 3 Dex, five at d 4 control, five at d 4 Dex, eight at d 5 control, 
and four at d 5 Dex. Open bar, control; solid bar, Dex. 

surfactant synthesis in human fetal lung explants (13). In our 
studies, 10 nM dexamethasone significantly reduced cAMP gen- 
eration in response to isoproterenol after 5 d (Fig. 4B) but not 
after 3 d in culture (Fig. 4A). Isoproterenol response was less at 
d 5 whether expressed as total cAMP generation or as net 
isoproterenol stimulation (minus basal stimulation, data not 
shown), but not if expressed as a multiples of basal stimulation 
(data not shown). No difference in basal cAMP generation was 
apparent at 3 d of dexamethasone exposure; mean values for 
basal cAMP generation were less with 5 d of dexamethasone 
exposure, although this did not achieve statistical significance. 

Because the values obtained for basal cAMP generation were 
at the lower limits of sensitivity of our protein binding assay, 
further studies were performed using a sensitive RIA (16). In 
these studies, the dose response of dexamethasone to alter cAMP 
generation was determined. Five d of dexamethasone exposure 
decreased cAMP content (data not shown), and basal- (Fig. 5A), 
isoproterenol- (Fig. 5B), and forskolin- (Fig. 5C) stimulated 
cAMP generation in a dose-dependent manner. The concentra- 
tion of dexamethasone resulting in the half-maximal inhibition 
of all the responses was approximately 1 nM. Although dexa- 
methasone decreased both total and net isoproterenol stimula- 
tion, fold stimulation was unchanged (about 14-fold). There was 
no concentration of dexamethasone from 0.1 nM to 100 nM at 
which cAMP generation was augmented. 

To ascertain that our experimental conditions did not produce 
generalized inhibition, fatty acid synthetase activity was meas- 
ured in four sets of human fetal lung explants cultured for 5 d 
either with or without 10 nM dexamethasone. Although these 
explants had reduced P-receptor concentration, fatty acid synthe- 
tase activity was 2.5-fold greater after culture in the presence of 
dexamethasone (Fig. 6). 

DISCUSSION 

In this study, we have shown that the concentration of p- 
adrenergic receptors in human fetal lung increases spontaneously 

duplicate determinations from 14 sets of explants at d 0, six at d 1, seven 
at d 3, and eight at d 5. B, cAMP generation expressed as isoproterenol- 
stimulated minus basal-stimulated. Presented are the mean and SEM of 
the same data as in 2A. Values are greater at all days than at d 0, and d 
5 values are also greater than on d 1 ( p  < 0.05, analysis of variance). C, 
Isoproterenol-stimulated cAMP generation expressed as a multiple of 
basal cAMP generation in the same experiment. Presented are the mean 
and SEM of the same data as in 2A. 
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B Content Basal lsoproterenol 

Fig. 4. cAMP generation for control and dexamethasone-treated 
(Dex) explants. A,  d 3. B, d 5. Data are the mean and SEM for duplicate 
determinations of seven sets of explants for both groups on d 3, eight 
controls on d 5, and five dexamethasone-treated on d 5. * indicates less 
CAMP stimulation than in control (analysis of variance, p < 0.05). Open 
bar, control; solid bar, Dex. 

during explant culture. Similarly, the ability of isoproterenol to 
stimulate cAMP generation, a @-adrenergic response, also spon- 
taneously increases. These findings fit well with the work of 
others on the morphologic and biochemical maturation of hu- 
man fetal lung in explant culture (4). The maximal concentration 
of @-adrenergic receptors after culture (1 85 + 15 fmol/mg mem- 
brane protein) was not dependent on gestational age, and was 
similar to the receptor concentration we previously reported in 
the lungs from a stillborn at 39 wk gestation (223 fmol/mg 
membrane protein) (3). Thus, the human fetal lung in explant 
culture reaches a concentration of P-adrenergic receptors that 
approaches that which is normally found at term. This concen- 
tration of P-adrenergic receptors is less than that in human adult 
lung (470 fmol/mg membrane protein) (22), reflecting the post- 
natal increase common to several species. The rapid rise in @- 
adrenergic receptor concentration in human fetal lung between 
d 0 and 3 in explant culture may be due to release from tonic in 
utero inhibitory control; alternatively, the increase may be sec- 
ondary to culture conditions or to generation of some stimulatory 
factor during explant culture. 

The ability of isoproterenol to stimulate cAMP generation also 
increased during explant culture. Unlike the @-adrenergic recep- 
tor concentration, which did not further increase after 3 d in 
culture, isoproterenol-stimulated cAMP generation continued to 
increase through d 5. Thus, it appears that with increasing time 

1 x 1 6 ~ ~  3 x 1 ~ 1 0  1 x 1 6 ~  3x16' 1 x 1 0 ~  3x10-' 1x16' 

log Dexamethasone, M 

Fig. 5. Dose response of dexamethasone for stimulation of cAMP 
generation. Data are the mean and SEM expressed as % of no dexameth- 
asone treatment for duplicate determinations of three sets of explants; 
basal stimulation (open bar), isoproterenol (I pM) stimulation (closed 
bar), and forskolin (100 pM) stimulation (cross-hatched bar). For all 
responses, dexamethasone doses greater than 3 nM resulted in a signifi- 
cant reduction ( p  < 0.05, analysis of variance) from control. 

Fig. 6. Fatty acid synthetase activity in human fetal lung explants. 
Explants were cultured for 5 days with (open bar) or without (solid bar) 
10 nM dexamethasone. Shown are mean and SD of four sets of explants 
chosen from among those used for cAMP and 0-receptor determinations. 
Assays were performed with triplicate determinations. 

in culture, the occupancy of the @-adrenergic receptor is more 
"tightly coupled" to the other components of the P-adrenergic 
response cascade. This might be mediated through quantitative 
or qualitative changes in the stimulatory guanine-nucleotide 
regulatory protein (G,,) or by changes in the catalytic component 
of adenylate cyclase. One can postulate that increased sensitivity 
of @-adrenergic receptors to agonists might also occur in vivo 
with advancing gestational age. We have found in studies using 
fetal rabbit lung that the interaction of agonist-occupied P- 
receptors with G,, increases with advancing gestation before the 
increase in P-adrenergic receptor concentration (23). 

An unexpected finding was that the concentration of P-adre- 
nergic receptors in explants exposed to dexamethasone was less 
than in control explants harvested on the same day. Dexameth- 
asone has been shown to increase morphologic maturation and 
phospholipid synthesis in human fetal lung in explant culture 
(1 3). We had anticipated that dexamethasone would also increase 
@-adrenergic receptor concentration and 0-adrenergic responses 
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in human fetal lung in explant culture, similar to its effect in 
different animal models (5-10). Despite the lower P-adrenergic 
receptor concentration in the dexamethasone-treated explants, 
isoproterenol-stimulated cAMP generation on d 3 in these ex- 
plants was the same as in controls. However, by d 5, isoprotere- 
nol-stimulated cAMP generation was less in the dexamethasone- 
treated explants. 

These data demonstrate a time-dependent effect of dexameth- 
asone on inhibiting the P-adrenergic response system of the 
human fetal lung. It is apparent that dexamethasone must exert 
its effect on sites in the P-adrenergic response system other than 
the P-receptor, inasmuch as both receptor-stimulated and basal 
cAMP generation are decreased. Further evidence for multiple 
effects is reduced cAMP stimulation by forskolin, an agent that 
acts beyond the receptor, in explants incubated with dexameth- 
asone. Because at least part of the effect of forskolin is mediated 
by G-proteins, dexamethasone may decrease the activity of either 
G-proteins or the catalytic subunit. 

There may be several reasons for the differences between the 
effects of glucocorticoids in animal studies and our results in 
human fetal lung in explant culture. One explanation for the 
results is that our culture conditions or an experimental artifact 
resulted in an unex~ected. generalized inhibitorv effect of dexa- 
methasone on lung haturicon in these experiments. To test this 
possibility, we examined fatty acid synthetase activity in four of 
the same-explant sets (control and treated). As has been previ- 
ously reported (13), there was a 2- to 3-fold increase in activity 
after exposure to dexamethasone, demonstrating that these par- 
ticular explants could be stimulated by dexamethasone as ex- 
pected. The human fetal lung explant culture is an appropriate 
model to study glucocorticoid effects; other studies have found 
morphologic maturation and increases in phosphatidylcholine 
and surfactant apoprotein synthesis (13, 24, 25, 26). The differ- 
ence between our studies and those in animals may simply reflect 
a difference between species in the effect of glucocorticoids on 
the P-adrenergic response cascade. The @,-receptor subtype, 
which predominates in rabbit fetal lung (I), may respond differ- 
ently to dexamethasone treatment than the &receptor subtype, 
which predominates in human fetal lung (2, 3). This could not 
explain the difference between rat and human fetal lung, both of 
which contain P2-receptors. Another possibility is that the spon- 
taneous increase in the concentration of p-adrenergic receptors 
in human fetal lung in explant culture is so great (>250%) that 
further stimulation cannot occur. A spontaneous increase in 
receptor concentration of this degree was not observed in animal 
experiments (7). Timing of the experiments may also have played 
a role in these results. In mixed cell cultures of fetal rat lung, 
Smith and Sabry (27) have shown a marked rise in intracellular 
cAMP level that peaks at 6 h after exposure to cortisol. The 
earliest time at which we assayed cAMP generation in our 
specimens was approximately 16 h after exposure, so it is con- 
ceivable that we missed an early, transient peak effect of dexa- 
methasone on cAMP generation. It is also possible that gluco- 
corticoids have dual stimulatory and inhibitory effects. For ex- 
ample, dexamethasone stimulates staphylococcal protein A 
production at low doses and inhibits it at higher doses (24-26). 
However, dose-response experiments showed that there was no 
dose of dexamethasone that increased isoproterenol, forskolin, 
or basal cAMP generation and, furthermore, that there was a 
dose-related decrease in stimulation with increasing doses of 
dexamethasone. The median effective concentration of dexa- 
methasone to reduce cAMP generation was 1 nM, similar to 
other glucocorticoid-mediated responses (choline incorporation 
into phosphatidylcholine and content of surfactant protein 
mRNA), which is consistent with mediation by glucocorticoid 
receptors. 

Glucocorticoids and cAMP coinduce a number of lung pro- 
teins (surfactant proteins and fatty acid synthase), and these two 
mediators have the additive effects on the synthesis of surfactant 

lipids ( 1  8). It has been suggested that these glucocorticoid effects 
may be mediated through increased levels of cAMP (24, 27). 
Our finding that dexamethasone decreases cAMP generation 
does not support this proposal. 

In summary, we have shown that there is a spontaneous 
increase in P-adrenergic receptors and in the response of these 
receptors to isoproterenol, as measured by the generation of 
CAMP, in human fetal lung grown in explant culture. Dexa- 
methasone, a hormone that has been shown to accelerate other 
aspects of fetal lung maturation, inhibits this spontaneous in- 
crease. The sites of action of this effect are the P-receptor and 
distal adenylate cyclase components. It is possible that other 
hormones that accelerate lung maturation, such as thyroxine or 
prolactin, might be necessary cofactors to allow dexamethasone 
to enhance adrenergic responses in vitro. 
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Announcement 
LABCATAL Prize to Promote Scientific Research in Field of Trace Elements 

A 1st prize of 35 000 French francs and three 2nd prizes of 5 000 French francs each 
will be awarded by the French company, Laboratoires LABCATAL, for scientific works 
on trace elements in the field of pharmacology or human therapeutics. 

These prizes will be presented to winners at the scientific congress organized by the 
French Society for Essential Trace Element Study (SFERETE) in Les Deux-Alpes, France, 
January 14- 18, 199 1. 

For further information on the LABCATAL prizes, please contact the Scientific Director, 
Laboratoires LABCATAL, 7 rue Roger Salengro, B.P. 305, 92541 Montrouge Cedex, 
France. 

For further information concerning the congress organized by the SFERE TE, please 
contact: Mrs. A. Alcaraz, Hopital A. Michallon, Laboratoire de Biochimie C, B.P. 2 17 
X, 38043 Grenoble Cedex, France. 
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