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The role of glucocorticoids and second messenger
systems in the regulation of the vasopressin (VP)
gene was studied in the human small cell lung car-
cinoma cell line GLC-8. Small cell lung carcinoma
GLC-8 cells express VP mRNA and contain both
glucocorticoid and mineralocorticoid receptors.
Treatment with the synthetic glucocorticoid dexa-
methasone when added alone at 10~8 M had no effect
on the VP mRNA level and decreased the level by
30% at 10~6 M. However, the effect of dexametha-
sone changed to positive when cells were simulta-
neously treated with cAMP-enhancing agents. VP
mRNA levels, which were elevated by 1.5- to 2-fold
by the cAMP-enhancing agents alone, increased a
further 1.5- to 3-fold by dexamethasone. Thus, the
combined effect of dexamethasone and cAMP stim-
ulation was a 3- to 7.5-fold increase in VP mRNA
levels. Long term treatment with the phorbol ester
12-O-tetradecanoyl-phorbol-13-acetate (TPA) re-
duced the VP mRNA level by 75%. The TPA-sup-
pressed VP mRNA levels could be up-regulated
about 6-fold by simultaneous treatment with 8-
bromo-cAMP. Dexamethasone did not alter the TPA-
suppressed VP mRNA levels. These results indicate
that both cAMP and protein kinase-C pathways as
well as glucocorticoid receptors are involved in the
regulation of VP mRNA levels and that these factors
interact. This leads to a negative or positive re-
sponse of VP gene expression to glucocorticoids in
a state-dependent manner. The interactions may be
of significance in a physiological context and relate
to the differential regulation of VP-expressing sys-
tems in the brain. (Molecular Endocrinology 5: 795-
801, 1991)
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INTRODUCTION

The vasopressin (VP) gene is expressed in several
neuronal cell groups and in some peripheral organs (1,
2). Typical for the expression of the VP gene in distinct
brain nuclei is the differential regulation of VP mRNA
levels. For example, hyperosmolality enhances VP
mRNA levels in magnocellular neurons of the supraoptic
(SON) and paraventricular nuclei (PVN), but leaves VP
mRNA levels in other neurons, such as those in the
suprachiasmatic nucleus, unaffected (3, 4). Moreover,
there is a diurnal regulation of the vasopressin gene in
the suprachiasmatic nucleus only (5-7). The VP gene
in the bed nucleus of the stria terminalis is regulated by
androgens (8), while in the parvocellular PVN it is sup-
pressed by glucocorticoids (9-11). This differential reg-
ulation may be due to different neuronal inputs of
various nuclei and the presence of different steroid
hormone receptors in the VP-expressing cells. The
second messenger systems that transduce the activity
of inputs are likely to have an important role in the
regulation of the VP gene. We have reported previously
that the activity of the human VP gene promoter is
stimulated by 8-bromo-cAMP (8Br-cAMP) and that this
analog stimulates VP mRNA levels in the VP-expressing
human small cell lung carcinoma (SCLC) cell line GLC-
8 (12). Indirect evidence for a role for cAMP in VP gene
regulation includes the increase in levels of cAMP (13)
and the Gs a-subunit, its mRNA, and the Gj a-subunit
mRNA by hyperosmolality in the SON (14), the in-
creased number of VP mRNA-containing neurons in
primary cultures after cAMP treatment (15), and the
presence of nucleotide sequences that resemble AP-2-
binding elements in the 5' flanking regions of human
and rat VP genes (12, 16). The signal transduction
pathway that activates protein kinase-C may also be
involved in the regulation of VP mRNA levels, as salt-
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loading increased levels of protein kinase-C transcripts
in SON and PVN (17).

In this study we examined the influence of the syn-
thetic corticosteroid dexamethasone and second mes-
senger pathways as well as their interactions on VP
gene expression. Interactions between dexamethasone
and cAMP are known to occur in the regulation of
several neuropeptide genes, including the enkephalin
and the neuropeptide-Y gene (18,19). Interactions and
"cross-talk" between second messenger pathways are
common in many signal transduction systems (20) and
play a role in gene regulation (21). As a model system
for studies on VP gene regulation, the VP mRNA-
containing SCLC cell line GLC-8 (12) was used, thus
allowing in vitro treatment of cultured cells under stan-
darized conditions. The focus of this study was on the
synthetic glucocorticoid dexamethasone, which is
known to bind both the glucocorticoid (GR) and the
mineralocorticoid (MR) receptors, but with different af-
finities and capacities (22, 23). Therefore, we examined
first the presence of these steroid receptors in the
SCLC GLC-8 cell line and then investigated the influ-
ence of dexamethasone on native SCLC GLC-8 cells
and on cells with altered second messenger systems.
8Br-cAMP and phorbol esters were used to manipulate
the second messenger systems involving cAMP and
protein kinase-C, respectively. The results show that
corticosteroid receptors, cAMP, and protein kinase-C
activity by themselves can affect VP gene expression.
However, the magnitude and the direction of the effect
are dependent on the state of the cell. The data suggest
a complex involvement of corticosteroid receptors and
second messengers in the regulation of the VP gene,
which may relate to the differential regulation of the VP
gene, as seen in different sets of VP neurons in the
brain.

binding constants measured in the cytosolic fraction of
the cells depended on the use of the tritiated ligand.
Thus, the maximum binding capacity (Bmax) of GR was
202 fmol/mg protein when [3H]dexamethasone was
used as the ligand. A lower Bmax of GR was measured
(82 fmol/mg protein) when [3H]cortisol was used in-
stead. The average apparent binding affinity (K<j) of GR
to [3H]dexamethasone was 3.9 nM. The MR was also
present in these cells, albeit in lower amounts. The Bmax

of MR ranged from 20-107 fmol/mg protein depending
on the tritiated ligand used, as shown in Table 1. Note
that in each assay to measure MR, a 100-fold excess
of unlabeled RU28362 was included to mask the binding
to GR (23). The Kd for MR was 28 nM based on one
experiment using [3H]aldosterone as a ligand. The pres-
ence of both GR and MR is a notable feature in the
SCLC GLC-8 cell line. Several brain regions, in partic-
ular the hippocampus, contain both receptors. Their
different binding affinities and capacities for corticoster-
oids account for binary glucocorticoid responses (22,
23). Of seven tested tumor cell lines, only two contained
both receptor types: SCLC GLC-8, as shown here, and
the clonal neuroepithelioma cell line SK-N-MC-IXC (our
unpublished results). The DNA-binding domains of GR
and MR are highly homologous, and it has been shown
that they can both activate transcription from the mouse
mammary tumor virus promoter (22,24,25). Thus, they
may act through similar responsive elements. We fur-
ther investigated the effect of low (10 nM) and high (1
^M) concentrations of dexamethasone on VP mRNA
levels in GLC-8 cells. In view of the lower affinity of MR
for this steroid (23), 10 nM dexamethasone would pre-
dominantly occupy the GR.

Effect of Dexamethasone on VP mRNA Levels in
SCLC GLC-8 Cells

RESULTS AND DISCUSSION

The Presence of Corticosteroid Receptors

Firstly, the presence of corticosteroid receptors was
investigated in in vitro binding assays using various
ligands for each receptor type (Table 1). Both GR and
MR were present in the SCLC GLC-8 cell line. The

Treatment of GLC-8 cells with 10 nM dexamethasone
alone for 5 or 50 h had no significant effect on VP
mRNA levels compared to those in control cultures,
although VP mRNA levels were slightly lower in 10 nM
dexamethasone-treated cells (Table 2). Treatment with
dexamethasone at 1 ^M for 50 h caused a significant
reduction of 30% of the VP mRNA levels, indicating
that VP mRNA levels in GLC-8 cells can be down-
regulated by the glucocorticoid. Since both GR and MR

Table 1. Binding Constants of GR and MR in SCLC GLC-8 Cells
GR

Ligand Bmax (fmol/mg
protein)

MR

ax (fmol/mg
protein)

[3H]Dexamethasone
[3H]Cortisol
[3H]Aldosterone

202a

82
ND

3.9fl

4.5
ND

20
80

107

ND
ND
28

Bmax and Kd were derived from Scatchard analyses of the binding data. To measure the binding to GR, 1-60 nM [3H]cortisol or [3H]
dexamethasone were used. To measure the binding to MR, 1-60 nM [3H]cortisol, [3H]dexamethasone, or [3H]aldosterone in the
presence of a 100-fold excess of the unlabeled specific glucocorticoid RU 28362 were used. ND, Not determined.
8 Average value obtained from three independent cultures.
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Table 2. Effects of cAMP Modulation and Dexamethasone
(DEX) on VP mRNA

Treatment

A. None
B. Forskolin
C. 8Br-cAMP
D. IBMX
E. IBMX +

8Br-cAMP

Levels in GLC-8 Cells Treated for 5 h

VP mRNA Level (%) F o | d s t i m u | a t i o n

-DEX +DEX

100 ±11 85 ±6.4
163 ±74 243 ±13
145 ±31 253 ±28
175 ±28 307 ±35
204 ± 28 635 ± 284

by DEX8

0.85
1.5
1.5
1.8
3.1

Quantitated VP mRNA levels and effects of treatments. A,
Untreated control cells; B, cells treated with 25 HM forskolin;
C, cells treated with 0.5 mM 8Br-cAMP; D, cells treated with
0.5 mM IBMX; E, cells treated simultaneously with 0.5 mM
IBMX and 0.5 mM 8Br-cAMP. -DEX, Treatments without
dexamethasone; +DEX, treatments combined with 10 nM
dexamethasone. The VP mRNA level was expressed in an
arbitrary unit representing the ratio of the VP mRNA to the /3-
actin mRNA content. The average VP mRNA value in cultures
without treatment was taken as 100%. Two to five cultures
were examined per treatment, and the mean ± SEM are given.
Statistical analysis was performed by Student's t test (*, P <
0.05 vs. vehicle-treated cultures; +, P < 0.05 vs. cultures
treated without dexamethasone).
8 The fold stimulation by dexamethasone in GLC-8 cells with
the various treatments A-E.

are occupied at this concentration, it cannot be con-
cluded which receptor, or both, mediated the effect. A
negative effect of glucocorticoids on VP mRNA levels
in vivo has been observed in the parvocellular subdivi-
sion of the PVN (13-15). However, GLC-8 cells appear
to be less responsive to dexamethasone than the glu-
cocorticoid-sensitive subpopulation of PVN neurons.
Since negative regulation can result from steroid recep-
tor interference with positive enhancer elements (26-
28), the smaller negative effect of dexamethasone in
GLC-8 cells may be due to differences in other tran-
scription factors between GLC-8 cells and PVN neu-
rons. One difference is the presence of MR in GLC-8,
which will be occupied at 1 MM dexamethasone. The
role of MR in negative regulation of gene expression is
unknown, however.

Interaction between the GR with transcription factors
of the fos/jun family and cAMP- and 12-O-tetradeca-
noyl-phorbol-13-acetate (TPA)-responsive elements
has been proposed as one mechanism of negative
regulation by glucocorticoids (26-28). In the 5' flanking
region of human and rat VP genes, nucleotide se-
quences have been described which resemble AP-1-
and AP-2-binding sites (12, 16). Therefore, we investi-
gated next the effect of cAMP modulation and TPA in
GLC-8 cells, alone and in combination with dexameth-
asone.

Interactions among Dexamethasone, cAMP, and
TPA

Stimulation of cAMP by 0.25 ^M forskolin, 0.5 mM 8Br-
cAMP, 0.5 mM isobutylmethylxanthine (IBMX), and the

combination of 0.5 mM 8Br-cAMP and 0.5 mM IBMX
for 5 h induced a 1.5- to 2-fold rise in VP mRNA levels
(Table 2 and Fig. 1). The stimulation by protein kinase-
A activation was in agreement with our previous obser-
vation (12). We then reported that 50-h treatment with
0.5 mM 8Br-cAMP increased the VP mRNA level about
4-fold in GLC-8 cells. Since VP promoter activity, as
determined by a VP promoter-luciferase construct in a
heterologous expression system, was also increased
by 8Br-cAMP (12), the rise in VP mRNA levels observed
by us may result from transcriptional stimulation. Com-
bined treatment of GLC-8 cells with dexamethasone
and cAMP-stimulating agents increased VP mRNA lev-
els (Table 2 and Fig. 1). Notably, dexamethasone had
a positive effect on VP mRNA levels in the combined
treatment, contrasting the negative effect when added
alone. Together with cAMP stimulation, dexametha-
sone caused a 1.5- to 3-fold increase in VP mRNA
levels (Table 2). Dexamethasone also potentiated the
effect of cAMP-stimulating agents; a 3- to 7.5-fold rise
of VP mRNA levels occurred after cAMP stimulation
(Table 2).

The data show that dexamethasone can either neg-
atively or positively regulate VP mRNA levels. It has
been shown recently that depending on the relative
levels of the transcription factors c-fos and c-jun the
GR conferred a positive or negative transcriptional re-
sponse of the proliferin gene to glucocorticoids (29).
This explained the differential glucocorticoid effect in
different cell types and could have consequences for
glucocorticoid regulation in physiological situations in
vivo. In this context our data may relate to the conflict-
ing glucocorticoid involvement in the VP-expressing
neurons of the parvocellular PVN. Whereas glucocorti-
coid depletion in the adrenalectomized rat results in

NON-TREATED
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VPmRNA £ £
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Fig. 1. Effects of Dexamethasone and cAMP Modulation on
VP mRNA Levels in GLC-8 Cells

Northern blots of VP mRNA from SCLS GLC-8 cell cultures
treated for 5 h. The treatments were 25 ^M forskolin, 0.5 mM
8Br-cAMP, 0.5 mM IBMX, and 0.5 mM IBMX plus 0.5 mM 8Br-
cAMP. - , Treatments without dexamethasone; +, treatments
combined with 10 nM dexamethasone. Northern blots were
prepared from 20 ng total RNA and separately hybridized with
the VP-specific probe and the /9-actin-specific probe. Positions
of VP mRNA and /3-actin (ACT) mRNA hybridization signals
are indicated. For further details, see Table 2.
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marked stimulation of VP mRNA levels in these neurons
(9-11), a similar increase is also seen in chronically
stressed rats, which have high levels of circulating
glucocorticoids (30). Thus, the physiological context of
the VP-expressing cell may tune the glucocorticoid
effect to VP mRNA levels. In the brain this context
could be determined by other factors, such as the
activity of neuronal inputs. The coordinated influence of
input and steroid has indeed been demonstrated for
PVN neurons (31). For other neuropeptide genes, both
positive and negative regulation by dexamethasone
have been observed depending on cell type or cell
condition. For example, in contrast to the repression of
the POMC gene in the anterior pituitary by glucocorti-
coids, this gene is stimulated by corticosteroids in the
intermediate pituitary when GR was induced by dener-
vation of the lobe (32). CRF promoter activity was either
repressed or stimulated by glucocortiocids depending
on the cell type in which the gene was transfected (33,
34). The expression of GH has also been shown to be
differentially influenced by dexamethasone depending
on the cell line used (35-37). To further explore the role
of second messenger pathways, GLC-8 cells were
treated with phorbol esters to modulate protein kinase-
C activity (20).

Treatment with 0.1 ^M TPA for 5 h had no effect on
VP mRNA levels, indicating that activation of the protein
kinase-C pathway per se did not stimulate VP gene
expression. Treatment with TPA for 50 h, which is
known to down-regulate protein kinase-C activity (36),
significantly reduced the level of VP mRNA by approx-
imately 75% compared to that in vehicle-treated cells
(Fig. 2). There was no effect of the vehicle (0.005%
dimethylsulfoxide and 0.01% ethanol) on VP mRNA
levels. The inactive phorbol ester 4«-phorbol-12,13-
didecanoate (4«PDD) did not affect the VP mRNA
content, indicating the stereoselectivity of the phor-
bolester effect. Down-regulation of the VP mRNA con-
tent by long term TPA treatment suggests the involve-
ment of the protein kinase-C pathway in the regulation
of VP gene expression.

Sequence elements in the 5' flanking region of the
human VP gene support a possible role of protein
kinase-C, since four putative AP-2 sites and one puta-
tive AP-1 site are present (12, 16). AP-2-binding sites
are responsive to cAMP and phorbol esters. AP-1-
binding sites are responsive to phorbol esters, but not
to cAMP (38-40). Whether transcription is directly af-
fected by TPA or whether the effect on VP mRNA levels
is indirect through other transcription factors or on
mRNA stability cannot be concluded from the present
data. Testing for the effects of protein kinase-C acti-
vation on VP gene promoter activity will be required to
further describe the contribution of this second mes-
senger pathway to VP gene regulation.

Simultaneous treatment with TPA and dexametha-
sone for 5 h did not affect VP mRNA levels. Dexameth-
asone did not alter the TPA-suppressed VP mRNA
levels reached after 50 h. However, interaction between
TPA and cAMP was observed. When cell cultures were

CONTR SOLVENT TPA TPA+IBMX TPA+IBMX
+8Br-cAMP

VP mRNA

ACT mRNA

Solv TPA TPA
IBMX

TPA
IBMX

8.Br-cAMP

PDD

Fig. 2. Effects of Phorbol Esters and 8Br-cAMP on VP mRNA
Levels in GLC-8 Cells

A, Northern blot of VP mRNA from GLC-8 cells treated for
50 h. CONTR, Standard culturing condition; SOLV, cells
treated with solvent alone (0.01% ethanol plus 0.005% di-
methylsulfoxide). The treatments were 0.1 MM TPA, 0.5 ITIM
IBMX, and 0.5 ITIM 8Br-cAMP. IBMX and 8Br-cAMP were not
dissolved in ethanol, but were added dry to the cultures.
Northern blots were prepared from 20 M9 total RNA and
separately hybridized with the VP-specific probe and the 0-
actin (ACT)-specific probe. Samples shown were derived from
duplicate cultures. B, Quantitated VP mRNA levels and effects
of different treatments. PDD, 0.1 ^M 4aPDD. Each mRNA was
expressed as arbitrary units (mean ± SEM), representing the
ratio of the VP mRNA level to the /S-actin mRNA content. The
average VP mRNA value of untreated cultures was taken as
100%. The numbers of cultures per examined treatment (n)
were 4, 5, 5, 5, 5, and 2, respectively. Statistical analysis was
performed with Student's t test [*, P < 0.05; **, P < 0.01 (vs.
untreated cultures)].

simultanuously treated with TPA and IBMX for 50 h,
the level of VP mRNA remained significantly lower
(70%) than that in control cultures. However, simulta-
neous treatment of TPA, 8Br-cAMP, and IBMX stimu-
lated VP mRNA levels. With this treatment, VP mRNA
increased to a level as much as 5.8-fold higher than the
level after TPA treatment alone (Fig. 2). Compared to
the VP mRNA level after TPA and IBMX, the level was
4.3-fold higher when 8Br-cAMP was included in the
treatment.

The stimulation by 8Br-cAMP of TPA-suppressed VP
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mRNA levels further supports the contribution of cAMP
to the regulation of the human VP gene. In SCLC GLC-
8, 8Br-cAMP produced the strongest stimulatory ef-
fects when VP mRNA levels were suppressed by long
term TPA treatment. This state-dependent effect of
8Br-cAMP suggests that complex interactions between
cAMP and protein kinase-C pathways exist at the level
of VP gene regulation. These interactions may occur at
the level of the kinases, transcription factors involved
in the regulation of the VP gene, or factors controlling
mRNA stability. The present data do not allow conclu-
sions about the level of such interactions; they provide
the framework by which future studies will attempt to
discern the underlying molecular mechanism.

In conclusion, the results show the involvement of
cAMP, protein kinase-C, and glucocorticoids in the
regulation of VP mRNA levels in GLC-8 cells. These
factors do not act independently. In particular, the
direction of the glucocorticoid effect depends on the
cAMP state of the cell. Dexamethasone enhanced VP
mRNA levels after cAMP stimulation, while it has no or
a suppressive effect by itself. Thus, the data indicate
that complex interactions between steroid regulation
and second messenger regulation may control the tran-
scriptional response of the VP gene. These properties
may provide plasticity to VP gene regulation, allowing
a diverse repertoire of responses and may be related
to the different responses of VP-expressing systems to
the same endocrine or physiological stimuli in vivo.

MATERIALS AND METHODS

30 sec. The pellet was stored and used later for the determi-
nation of DNA content (43).

The supernatant was extracted twice with an equal volume
of phenol-chloroform-isoamylalcohol (25:24:1). RNA was pre-
cipitated overnight at -20 C after supplementing with 1 ml
100% ethanol. After precipitation, the pellets were dissolved
in a buffer containing 20 mM Tris-HCI and 1 miui EDTA, pH
7.4, and the amount of RNA was determined spectrophoto-
metrically by UV absorption at 260 nm.

For Northern blotting, total RNA (20 nQ) was denaturated
with glyoxal and dimethylsulfoxide in 10 mM phosphate buffer,
pH 6.5, at 55 C for 60 min, cooled on ice, loaded on a 1.4%
agarose-10 mM phosphate gel, and run at 10 V/cm for 3 h.
Transfer of RNA from the gel to a nylon membrane (Hybond-
N, Amersham, Aylesbury, Buckinghamshire, United Kingdom)
was carried out overnight in 25 mM phosphate buffer, pH 6.5.
The blot was briefly washed in 2 x SSC (1 x SSC = 150 mM
NaCI, 15 mM sodium citrate pH 7.0) and baked at 80 C for 2
h. Filters were prehybridized in 50% (vol/vol) formamide, 6 x
SSC, 8% dextran sulfate, 0.5 mg/ml denaturated herring
sperm DNA, and 0.5% (wt/vol) defatted milk powder at 50 C
for at least 6 h. Denaturated 32P-labeled DNA probes were
added to the prehybridization mix to a final concentration of
at least 2 x 106 cpm/ml, and hybridization was performed
overnight at 50 C. The VP-specific probe was the HgiA\-BamH\
genomic fragment containing 225 basepairs (bp) of the last
exon of VP (44). The blots were separately hybridized with the
rat /3-actin-specific probe, which was the Pst\ fragment (~1500
bp) of the rat cDNA clone (45). The filters were washed twice
in 2 x SSC-0.1% sodium dodecyl sulfate at room temperature
for~5 min, followed by one wash at 50 C for 30 min, one wash
at 60 C for 20 min, and a final wash in 0.1 x SSC, 0.1%
sodium dodecyl sulfate, and 1 mM EDTA at 65 C for 20 min.
The filters were then exposed to x-ray film (Kodak X-Omat,
Eastman Kodak, Rochester, NY) with an intensifying screen at
-80 C for various lengths of time. The average exposure times
for VP and /3-actin hybridization signals were 48 and 12 h,
respectively. The optical density of the lanes on the films were
determined with a one-dimensional densitometric scanner
(Zeiss KM3, Oberkochen, Germany).

Treatment of Cell Cultures Determination of Bmax and Affinity for MR and GR

SCLC GLC-8 cells (41) were cultured in RPMI medium (Gibco
Europe, Breda, The Netherlands) supplemented with 10% calf
serum (Hyclone, Greiner Laboratories, Life Technologies, Inc.,
Grand Island, NY), 2 mM glutamine (Gibco), 100 U/ml penicillin-
streptomycin (Gibco), 0.5 mM /3-mercaptoethanol (Merck,
Darmstadt, Germany), 1 mM sodium pyruvate (Sigma Chemical
Co., St. Louis, MO), 2.5 ^g/ml fungizon (Gibco), and 60 MQ/^ '
gentamycin (Gibco). Before treatments, GLC-8 cultures were
kept on steroid-free medium for 24 h. The cell cultures were
incubated with 0.5 mM 8Br-cAMP, 0.5 mM IBMX, 0.25 MM
forskolin (Boehringer Mannheim, Mannheim, Germany), 10 nM
dexamethasone, or combinations of these. The vehicle for
8Br-cAMP, IBMX, forskolin, and dexamethasone was ethanol.
The phorbol ester TPA and 4aPDD (Sigma) were dissolved in
dimethylsulfoxide and used at a final concentration of 0.1 ^M.
Control cultures were incubated with the solvents alone. Cells
were harvested after 5 or 50 h of incubation. Every 24 h, new
media and compounds were added. Samples of approximately
2.5-5 x 107 cells were harvested.

RNA Isolation and Analysis

Total cellular RNA cells were prepared as described by Wilk-
inson (42). Cells (2.5-5 x 107) were resuspended in 400 »\
ice-cold Tris-saline [25 mM Tris-HCI (pH 7.4), 130 mM NaCI,
and 5 mM KCI]. One hundred microliters of ice-cold NND buffer
(1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.01%
dextran sulfate made up in Tris-saline) were gently mixed. The
homogenate was spun in an Eppendorf centrifuge at 4 C for

GLC-8 cells were cultured in steroid-free and /3-mercaptoeth-
anol-free medium. One billion cells were harvested and first
washed in 400 n\ ice-cold Tris-saline [25 mM Tris-HCI (pH 7.4),
130 mM NaCI, and 5 mM KCI]. Subsequently, cells were
washed twice in magnesium-free Hanks' medium (Gibco). The
cell pellet was frozen on dry ice and stored at -80 C until
further use. For the in vitro cytosolic binding assays, approxi-
mately 1 x 109 cells were homogenized in 2 ml 5 mM Tris-HCI
buffer (pH 7.4) containing 1 mM EDTA, 1 mM /3-mercaptoeth-
enol, 10 mM sodium molybdate, and 5% (vol/vol) glycerol. The
homogenate was centrifuged at 100,000 x g at 2 C for 1 h to
obtain the cytosolic fraction. Determination of corticosteroid
receptor binding constants was performed as described pre-
viously (23, 46). Aliquots of the cytosol were incubated with a
wide range of concentrations (1-60 nM) of [3H]dexamethasone
(SA, 92 Ci/mmol; Amersham, Amersham, UK) in the presence
or absence of 100 times the same concentration range (0.1-
6 mM) of RU28362 (100 x RU28362) to determine binding to
GR and MR. Incubation was carried out for 20 h at 2 C, and
the bound fraction was subsequently separated from the free
using Sephadex LH-20 (Pharmacia Fine Chemicals, Uppsala,
Sweden) gel chromatographic minicolumns. The protein con-
tent of each sample was determined by the method of Lowry
et al. (47), using BSA as the standard. In subsequent assays
the binding constants of MR and GR in these cells were
measured using [3H]cortisol (SA, 85.2 Ci/mmol; New England
Nuclear, Dreieich, Germany) in the presence or absence of
100 x RU28362 or using [3H]aldosterone and a 100-fold
excess of RU28362 (to measure the binding to MR) and [3H]
dexamethasone (to measure the binding to GR). The apparent
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binding affinity (K<j; expressed as nanomolar concentrations)
and Bmax, expressed as femtomoles per mg cytosolic protein)
were calculated from Scatchard analyses of the binding data
(48).
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