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ABSTRACT The cellular mechanism of glucocorticoid
effects upon fetal lung was examined in studies of specific
binding'activity for corticosteroids. Cytoplasm of fetal
rabbit lung contains receptor sites for [3Hjdexamethasone
at a concentration of 0.43 + 0.04 'pmol/mg of cytosol
protein, and the apparent dissociation constant for the
binding reaction is 2.7 4± 0.4 nM. The ability of various
steroids to compete with labeled dexamethasone for
binding to receptor correlates with their biologic potency.
The hormone-receptor complex formed in vitro at 00
binds with high affinity at 200 to isolated lung nuclei.
It is estimated that there are 9500 nuclear binding sites
and 12,000 cytoplasmic receptor sites per fetal lung cell.
During the last 12 days of gestation in a rabbit, the con-
centration of cytoplasmic receptor in lung is constant and
is 2- to 5-times greater than receptor-site concentration in
fetal skin, kidney, heart, muscle, gut, liver, brain, thymus,
and placenta. These findings demonstrate that the early
steps in the mechanism of glucocorticoid action in target
tissues are present in lung cells, and suggest that these
hormones accelerate fetal lung differentiation and sur-
factant production in animals by the induction of new
protein synthesis mediated by receptor.

Adrenal glucocorticoids induce both morphological and en-
zymic changes in various target tissues. In fetal rabbit and
lamb, these steroid hormones cause accelerated lung develop-
ment and precocious appearance of pulmonary surfactant in
whole-lung homogenates and lung washes (1-3). A deficiency
of surfactant in lungs of human infants is considered to be
the primary cause of idiopathic respiratory distress syndrome
(4), a major cause of death in premature infants.

It is not known whether corticosteroids influence the lung
directly or as a consequence of their effects in other tissues.
In particular, there is little information regarding the molec-
ular mechanism of their action in fetal lung. In many target
tissues the first step in the cellular action of steroid hormone
involves binding of the hormone to specific cytoplasmic re--
ceptors (5, 6). The steroid-receptor complex thus formed
migrates to the nucleus, where it binds to chromatin and
initiates the characteristic biologic response. In most tissues
this occurs by induction of specific new protein synthesis. As
an initial approach to understanding the pulmonary effects
of glucocorticoids, we examined fetal-rabbit lung for the
presence of both specific cytoplasmic receptors and their
nuclear binding sites. A preliminary report of these studies
has been presented (7) (see note added in proof).

Abbreviations: Kd, equilibrium dissociation constant; HTC,
hepatoma tissue culture (cells).

MATERIALS AND METHODS

Stock solutions of nonradioactive dexamethasone (gift of
Merck Chemical Co.) and other steroids (Mann Research
Labs) were prepared at 5 mM in absolute ethanol. Chroma-
tographically pure (8) [1,2,3,4-3H]dexamethasone (Schwarz
Bioresearch Co., 5.8 or 12 Ci/mmol) was dissolved in an
aqueous solution of 0.02 M N-tris-(hydroxymethyl)-methyl-
glycine (Tricine)-2 mM CaClr-1 mM MgCl2 (pH 7.4)
(medium 1).
Pregnant New Zealand white rabbits were anesthetized

with intravenous pentobarbitol (20 mg/kg) at 18-30 days of
gestation (term is 30-31 days) and their fetuses were obtained
by uterotomy. Fetal tissues from 1-3 litters were removed
into cold isotonic phosphate-buffered saline (pH 7.6) and
frozen at -20° for 0-2 days. Receptor activity was assayed
in a cytosol fraction prepared at 20 by mincing tissue in one
volume of medium 1 and then homogenizing with 6 strokes
of a motor-driven (3000 rpm) Teflon pestle in a Duall Tissue
Grinder (Kontes Glass Co.). The homogenate was centrifuged
at 600 X g for 15 min, then at 100,000 X g for 60 min. Ali-
quots of the supernatant were added immediately to reaction
mixtures containing [3H]dexamethasone at concentrations
from 1 to 100 nM. Tubes containing in addition an excess of
unlabeled dexamethasone (10 MM) were run in parallel for
each [3H]dexamethasone concentration to determine "back-
ground" binding activity (6). Binding was complete by 90-
120 min at 00, and was proportional to cytosol protein con-
centration between 2 and 20 mg/ml. Macromolecular bound
radioactivity was determined by a charcoal assay (6) that
utilizes the property of activated charcoal to absorb free, but
not bound, steroid. Results are plotted as P3H]dexamethasone
specifically bound (total radioactivity excluded from char-
coal minus "background" counts) against free dexamethasone
(total dexamethasone added minus the amount bound).

Fetal lung nuclei were prepared from the 600 X g pellet by
washing in medium 1 twice and once in medium 1 containing
0.25 M sucrose. Pellets of nuclei were combined with aliquots
of cytosol previously incubated at 00 with a saturating con-

centration of PH]dexamethasone, with or without 10 AM
unlabeled dexamethasone, and the nuclear transfer reaction
was run in medium 1 containing 0.25 M sucrose at 200 for
1 hr. Nuclei were then sedimented at 600 X g for 5 min, and
the supernatant cytosol was removed for assay of remaining
radioactivity. After two washes in medium 1 containing su-

crose, nuclei were suspended in water; an aliquot was counted
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FIG. 1. Specific binding of dexamethasone by cytosol of 27-
day fetal-rabbit lung. Reactions were performed as described in
Methods with [3H]dexamethasone (5.8 Ci/mmol.) Cytosol
protein concentration was 4.9 mg/ml. Inset: Scatchard plot of
binding data.

to determine nuclear-bound radioactivity. Nuclei were

counted with a hemocytometer, and protein concentration was
assayed by the method of Lowry (9).

RESULTS AND DISCUSSION
Assay of cytoplasmic receptor

Cytosol prepared from 27-day fetal-rabbit lung contains
specific receptors for dexamethasone that are saturated at
a hormone concentration of about 20nM (Fig. 1). A Scatchard
plot (10) of the binding results (inset of Fig. 1) is linear, sug-

gesting that lung cytosol contains a single class of receptor
sites. The apparent equilibrium dissociation constant (Kd) of
dexamethasone at 00 for the binding reaction is 2.7 nM, and
the concentration of receptor sites is 0.43 pmol/mg of cytosol
protein (mean values in 11 experiments).
We also measured receptor activity in cytosol prepared in

the same manner from the lung of 130- to 140-days gestation
fetal lamb, another species in which glucocorticoids influence
surfactant production. The mean concentration in four ex-

periments was 0.36 (range 0.18-0.52) pmol/mg of protein,
and the mean Kd was 5.8 (range 5.0-6.9) nM. These values
for Kd and receptor-site concentration in fetal lung of both
rabbit and lamb are similar to those found in rat hepatoma
tissue culture (HTC) cells, where the binding of steroid
hormone to cytoplasmic receptor mediates the induction of
tyrosine aminotransferase (EC 2.6.1.5) and a surface factor
(6).
The effect of various unlabeled steroids on the binding of

[3H]dexamethasone by cytosol of fetal-rabbit lung and HTC
cells is shown in Table 1. 10 ,uM cortisol, corticosterone,
dexamethasone, 113-hydroxyprogesterone, and 5a-dihydro-
cortisol each reduced specific binding of 10 nM ['H]dexa-
methasone by lung cytosol to 0-5% of the control value. These
compounds also abolish specific binding in HTC cells (11),
where they have either optimal or suboptimal inducing ac-

tivity (12). Testosterone and its 17a-methyl derivative, both
anti-inducers, competed significantly for dexamethasone
binding. By contrast, the inactive steroids epicortisol or

androstenedione only decreased binding to 82 and 91% of
the control value, respectively. These results suggest that the

specific cytoplasmic receptors of fetal-lung and HTC cells
are similar. In addition, they demonstrate a correlation be-
tween the affinity of steroids for receptor and their biologic
potency.

Nuclear binding of receptor-steroid complex
Migration of cytoplasmic receptor-steroid complex to nuclei
is an early step in the action of steroid hormones in many
target cells (5, 13). If the effects of glucocorticoids in fetal
lung also involve regulation at the nuclear level, transfer
of steroid by receptor to the nucleus should occur. We ex-
amined the ability of fetal-lung receptor to bind to lung
nuclei in experiments where isolated nuclei were incubated
in vitro with cytosol containing [3Hjdexamethasone-receptor
complex. In the complete system (line 1 of Table 2), under
the conditions used, about 56% of the labeled dexamethasone
was transferred from cytosol to nucleus. No transfer of
dexamethasone above "background" levels occurs in the
absence of cytosol. If incubation is performed at 00, the
transfer is less than 10% of that at 200. Cytosol heated to
50° loses more than 90% of its receptor activity, resulting in
a similar decrease in the transfer of steroid to nuclei. Nuclear
transfer is also reduced when there is dissociation of steroid
from receptor, produced by treatment of the cytosol with
charcoal.
The demonstration of this step in glucocorticoid action

in vitro allowed us to determine the amount of binding of
steroid-receptor complex to nuclei as a function of bound
receptor concentration. Results of such an experiment with

TABLE 1. Effect of various steroids on binding of
[3H] dexamethasone by cytoplasmic extracts

[1H]
Dexameth-

asone
bound by
cytosol

Nonradioactive (% of control)
steroid Fetal

added (10 pM) Biological activity* lung HTCt

None 100 100
Dexamethasone Optimal inducer 0 0
Cortisol Optimal inducer 2 0
Corticosterone Optimal inducer 3 0
116-
Hydroxyprogesterone Suboptimal inducer 0 0

5a-Dihydrocortisol Suboptimal inducer 5 10
Testosterone Anti-inducer 24 27
17a-Methyltestosterone Anti-inducer 18 11
Epicortisol Inactive 82 99
Androstenedione Inactive 91 79

Cytosol (5.8 mg of protein per ml) prepared from 29-day
gestation fetal-rabbit lung was incubated at 00 for 90 min with
10 nM [3H]dexamethasone (5.8 Ci/mmol) in the presence of
10 AM unlabeled steroid. The control value (100%) in the ab-
sence of unlabeled steroid represents 6425 cpm/ml bound;
"background" binding (see Methods) in the presence of 10,M
unlabeled dexamethasone was 570 cpm/ml.

* Classified by capacity to act as an inducer in hepatoma
tissue culture cells (12).

t Data of Baxter (6) from hepatoma tissue culture cells.
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FIG. 2. Binding of dexamethasone by isolated lung nuclei
as a function of the concentration of dexamethasone-receptor
complex. Different amounts of cytosol from 23-day fetal-rabbit
lung exposed to 20 nM [3H]dexamethasone (12 Ci/mmol) were

incubated with nuclei (1.7 mg of protein) prepared from the
same tissue. Transfer of specifically bound dexamethasone to
nuclei was assayed as described in Methods. Inset: Scatchard
analysis of the data.

23-day fetal-rabbit lung are shown in Fig. 2. Nuclear binding
of dexamethasone is proportional to receptor concentration
at low concentrations, and approaches saturation at concen-

trations greater than 1 nM. At the lowest concentration of
receptor complex, transfer from the cytosol amounted to
more than 70% of the specifically bound dexamethasone.
This result indicates that under appropriate conditions most
of the bound steroid migrates to the nucleus. When the data
of Fig. 2 are plotted by the method of Scatchard (inset), a

linear relationship is obtained that extrapolates to a value
of 0.51 pmol of dexamethasone bound per mg of nuclear pro-
tein. The apparent Kd is 0.46 nM under the conditions used,
indicating a very high affinity of steroid-receptor complex
for the nuclear acceptor sites. Similar values were found in

TABLE 2. Properties of the binding of dexamethasone by
isolated lung nuclei

Dexamethasone
specifically

bound after incubation
(pmol/reaction mixture)

Assay Nuclei Cytosol

Complete 0.508 0.393
Minus cytosol 0 0
Incubation at 00 0.040 1.062
Heat-inactivated cytosol 0.027 0.033
Charcoal-treated cytosol 0.297 0.183

The complete reaction mixture contained nuclei from 27-day
fetal-rabbit lung (1.8 mg of nuclear protein), 20nM [3H]dexameth-
asone (12 Ci/mmol), lung cytosol (2.8 mg of protein) incubated
for 150 min at 00 with dexamethasone, and medium 1 containing
0.25 M sucrose, in a total volume of 0.8 ml. Incubation was at
200. Total nuclear binding was 7733 cpm, which was corrected
for 1773 cpm of "background" binding. Heat-inactivated
cytosol was incubated for 20 min at 500 before incubation with
dexamethasone, and charcoal-treatment of cytosol was per-
formed after the incubation at 00.

TABLE 3. Concentration and apparent dissociation constant
of receptor in tissues of fetal rabbit

Num- Receptor Apparent
Gesta- ber site dissociation
tional of concentration constant for
age experi- (pmol/mg of dexamethasone

Tissue (days) ments protein) (nM)

Lung 18-29 11 0.43 i 2.7 4

0.04 0.4
(0.28- (1.2-5.5)
0.72)

Fetal 16-26 4 0.26 1 3.7 4t 0.5
placenta 0.02 (3.0-5.1)

(0.22-
0.33)

Skin 18-28 3 0.22 2.5 (L18-
(0.17- 3.0)
0.28)

Kidney 28 1 0.19 2.2
Heart 27-29 3 0.17 (0.15- 6.3 (4.2-

0.19) 8.4)
Muscle 19-29 6 0.14 :1 0.01 2.6 4± 0.4

(0.10- (1.0-
0.20) 3.2)

Small 23-28 2 0.12 (0.11- 8.0 (7.5-
intestine 0.13) 8.5)

Liver 18-30 10 0.12 i 0.01 5.0 i 0.4
(0.09- (3.5-
0.17) 7.2)

Brain 18-28 4 0.08 A= 0.01 5.7 i4 0.4
(0.06- (4.6-
0.13) 6.7)

Thymus 29 2 0.07 (0.06- 5.5 (3.0-
0.08) 8.0)

Maternal 16-26 4 0
placenta

Binding reactions of the type shown in Fig. 1 were performed
with dexamethasone, as described in Methods. Mean value,
standard error, and range are shown for receptor concentration
and Kd.

lungs of older fetal rabbits, and also in preliminary experi-
ments with 140-day fetal-lamb lung.

If it is assumed that most types of lung cells contain the
glucocorticoid receptor, we estimate that each cell contains
on the average 9500 nuclear sites and 12,000 cytoplasmic
receptor sites. The observation that there are about equal
numbers of cytoplasmic and nuclear binding sites is in agree-
ment with the findings in cultured hepatoma cells, and sup-
ports a proposed model for the cellular mechanism of glu-
cocorticoid action (13).

Receptor in other fetal tissues

Specific cytoplasmic receptors have been found in all steroid
hormone-responsive tissues examined thus far; furthermore,
the development of hormone resistance in certain tissues is
associated with a decreased concentration of receptor (14, 15).
Therefore, we examined receptor concentration in other fetal
tissues for comparison with lung, and as an indicator of which
fetal tissues potentially might respond to glucocorticoids.
Fetal lung contained 2- to 5-fold greater concentration of
receptor sites than any of the other tissues examined. (Table
3). The maternal placental site did not have detectable re-
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ceptor activity. The apparent Kd for the tissues ranged from
2.2 to 8.0 nM. The higher apparent Kd observed in some ex-
periments may reflect increased levels of endogenous glu-
cocorticoids, which would compete to some extent with labeled
dexamethasone. Scatchard plots for dexamethasone binding
in tissues other than lung also were linear. Thus, it appears
that many fetal tissues contain similar cytoplasmic receptor
systems, although at lower concentrations than observed in
lung. It is not yet established, however, whether these re-
ceptors also undergo translocation to nuclear binding sites.

Glucocorticoid hormones induce specific enzymes in em-
bryonic retina (16) and pancreas (17), fetal gut (18), and
newborn liver (19); however, effects of corticosteroids have
not been described in most fetal tissues. The presence of
specific cytoplasmic receptors in many fetal tissues of rabbits
suggests that glucocorticoids may exert numerous yet un-
recognized developmental effects. It is possible that the con-
centration of receptor determines the responsiveness of a
tissue to glucocorticoids. Lower concentrations of receptor
in some fetal tissues, however, could result from the relative
deficiency or absence of receptor in certain cell types. In an
adult rat, for example, McEwen (20) finds a severalfold
variation in the extent of corticosterone uptake in different
regions of the brain. In other tissues with relatively homo-
geneous cell populations, such as skeletal muscle and heart,
this possibility seems less likely. Cytosol made from whole
fetal lung has receptor levels similar to those found in homo-
geneous populations of cultured hepatoma cells and lym-
phoma cells (11, 15), suggesting that most or all of the con-
stituent cell types of lung contain adequate levels of cyto-
plasmic receptors for biologic activity.

Ontogeny of lung receptor
A wide distribution of receptor among different pulmonary
cell types would be consistent with the observation that
administration of glucocorticoids to fetal rabbits stimulates
morphological development of many lung cell types, in-
cluding the type II alveolar cell that is thought to be the
site of surfactant synthesis (1). These effects of adrenal
hormone on cell differentiation occur as early as 19 days of
gestation; however, there is no evidence for stimulation of
alveolar surfactant by exogenous glucocorticoids before 26
days (2). We find that cytoplasmic receptor is present at 18
days of gestation, and that its concentration remains con-
stant until birth; values at 18 and 29 days, for example, were
identical (0.38 pmol/mg of protein). It was not technically
possible to obtain lung tissue from younger fetuses; however,
cytosol prepared from whole 16-day rabbit fetus contained
receptor at a concentration of 0.13 pmol/mg of protein.
These data indicate that cytoplasmic receptor appears early
in gestation and probably is not normally the limiting factor
in development of fetal-lung responsiveness to either endog-
enous or administered glucocorticoids.
Biological implications
We have presented evidence that fetal lung contains specific
cytoplasmic receptors that bind glucocorticoids, then migrate
to the nucleus. These findings are consistent with a direct
role for glucocorticoids in both normal and accelerated
pulmonary development. Furthermore, they suggest that
adrenal hormones induce specific proteins in fetal-lung cells
via the receptor system in a manner analogous to the induc-

glucocorticoids stimulate appearance of pulmonary surfactant
in animals is of particular interest with regard to human-lung
development and the occurrence of idiopathic respiratory
distress syndrome. In a preliminary study of fetal-human
lung (data not shown), we found cytoplasmic receptors and
nuclear binding sites present at 14 weeks of gestation, several
weeks before tissue surface-active material has been detected
(21). Since tests are available to estimate the amount of
surfactant present before birth (22), preventive in utero

therapy with glucocorticoids for infants deficient in sur-

factant is an exciting possibility.

NOTE ADDED IN PROOF

In a recent report, Giannopoulos G., Mulay, S. & Solomon, S.
(1972) Biochem. Biophys. Res. Commun. 47, 411-418, demon-
strate specific nuclear uptake of [3H cortisol by minces of fetal-
rabbit lung. Preliminary evidence for binding of cortisol to
lung cytoplasmic macromolecules distinct from cortisol-bind-
ing globulin on gel filtration is also presented.

The method for assay of nuclear transfer was generously
provided by G. G. Rousseau and J. D. Baxter before publication
(13). We thank G. T. Tomkins, J. A. Clements, and W. H.
Tooley for their advice and support and A. C. G. Platzker for
specimens of fetal-lamb lung. This work was supported in part
by Grants HL-06285, HL-5251, and HL-14201 from the National
Heart and Lung Institute.
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