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Abstract

Steroid hormones modulate physiological processes by a num-
ber of mechanisms including regulation of gene expression. We
wondered if glucocorticoids might induce expression of al
adrenergic receptors, which could contribute to the increased
sensitivity of vascular smooth muscle to catecholamines that
may occur with glucocorticoid excess. Weexamined the effects
of dexamethasone on the expression of the alB adrenergic re-
ceptor gene in DDT1 MF-2 smooth muscle cells. Dexametha-
sone (10' M) produced a 1.8±0.2-fold increase in expression
of alB receptors determined with VI-Hprazosin. Steady-state
values of aiB adrenergic receptor mRNA,analyzed by North-
ern blotting, increased 2.8±0.7-fold after 48 h exposure to dexa-
methasone. This effect of dexamethasone occurred in the pres-
ence of the protein synthesis inhibitor cycloheximide. alB re-
ceptor mRNAabundance was also increased by testosterone
and aldosterone, whereas f estradiol and progesterone had no
effect. The a1B receptor gene transcription rate, determined in
nuclear run-off assays, increased 2.6±0.6-fold in cells treated
with dexamethasone for 24 h. The half-life of the alB receptor
mRNAwas unchanged by dexamethasone. These data indicate
that glucocorticoids regulate expression of aiB receptors by
increasing the rate of transcription of this gene. (J. Clin. Invest.
1991. 88:385-389.) Key words: steroid hormones * blood ves-
sels * mRNA* testosterone * aldosterone

Introduction

The majority of patients withCushing's syndrome (glucocorti-
coid excess) have hypertension. The mechanism for hyperten-
sion in these patients is uncertain but is very likely due to sev-
eral different effects of glucocorticoids (1). High concentrations
of cortisol promote sodium retention and may activate the
renin-angiotensin system. Also, glucocorticoids may decrease
activity of prostaglandin and kallikrein-kinin systems that both
tend to promote vasodilitation (1). It has been consistently ob-
served, both in experimental animals and patients, that gluco-
corticoids enhance vasoconstriction mediated by catechol-
amines (2-4).

Catecholamines, such as epinephrine and norepinephrine,
promote vasoconstriction by activating a adrenergic receptors
in vascular smooth muscle. These effects are mediated by a 1
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adrenergic receptors although a2 adrenergic receptors mayalso
contribute to vasoconstriction. Pharmacological studies have
demonstrated that there are several subtypes of al receptors;
the most extensively described subtypes have been termed al A
and a lB adrenergic receptors (5). This demarcation between
these two subtypes of al receptors is based on differential sensi-
tivity of a I adrenergic receptor-mediated responses to a I ago-
nists and antagonists as well as on different requirements of a 1
adrenergic receptor-induced responses for extracellular cal-
cium (6). a lB receptors are sensitive to the irreversible antago-
nist chlorethylclonidine and do not require extracellular cal-
cium to activate smooth muscle contraction. Molecular clon-
ing experiments have also revealed heterogeneity of a 1
adrenergic receptors; the a lB receptor has been cloned from a
cDNA from hamster DTTI MF2smooth muscle cells (7, 8).

Steroid hormones are well known to mediate physiological
and developmental effects in higher eukaryotes by the regula-
tion of gene expression (9). Whenactivated by the appropriate
hormone, steroid receptor proteins are thought to interact with
specific target genes and modulate transcription of these genes.
Glucocorticoids have been shown to induce transcription of f
adrenergic receptor genes (10, 1 1) and indeed to increase ex-
pression of ,3 adrenergic receptors in vascular smooth muscle
cells in culture (12). Wewondered if glucocorticoids might in-
crease expression of a lB adrenergic receptors in smooth mus-
cle. Using DDT1 MF2cells as a model system, we have found
that glucocorticoids induce expression of the a lB adrenergic
receptor gene.

Methods

Materials. Reagents for these studies were purchased as follows: dexa-
methasone, hydrocortisone, aldosterone, testosterone, #l-estradiol, and
progesterone from Sigma Chemical Co. (St. Louis, MO); [32P]dCTP,
[32P]UTP, nylon filters, and random primer labeling system from
Amersham Corp. (Arlington Heights, IL); [3H]prazosin (19.8 Ci/
mmol) from New England Nuclear (Boston, MA); pGEMplasmid,
RNase-free DNase I, and T7-RNA polymerase from Promega Corp.
(Madison, WI); RNase A, RNase Tl, proteinase K, and actinomycin D
from Boehringer Mannheinn Biochemicals (Indianapolis, IN); restric-
tion enzymes from New England Biolabs (Beverly, MA); cell culture
medium and new born bovine serum from Gibco Laboratories (Grand
Island, NY). All other compounds were reagent or molecular biology
grade.

Cell culture. DDT1 MF2hamster smooth muscle cells (a gift of Dr.
J. Norris and Dr. L. Cornet, University of Arkansas) were maintained
in Dulbecco's Modified Eagle's Medium containing streptomycin,
penicillin-G, and 10%heat-inactivated newborn bovine serum at 370C
in air containing 5%CO2. The cells were seeded in 100-mm dishes at a
low density, with confluence being reached - 5-6 d later. The medium
was replaced every 3-4 d. 5 d after seeding, cells were harvested and
used for RNAisolation or membrane preparations.

Radioligand receptor binding assay. After the addition ofdexameth-
asone or ethanol vehicle, DDTI-MF2 cells were harvested by centrifu-
gation, suspended in 50 mMTris-HCl (pH 7.5), and homogenized with
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a Polytron homogenizer. The pellet obtained by centrifugation for 10
min at 45,000 g was washed twice with the same buffer and resus-
pended in the buffer. Total binding was determined by incubating 200
,ul of membrane suspension (50-100 ,ug protein) with 0.1-10 nM of
[3H]prazosin in a 600 Ml volume of 50 mMTris-HCl buffer. Nonspe-
cific binding was determined in the presence of 10 MiM phentolamine.
After 30 min of incubation at 250C, 5 ml of ice-cold buffer was added
into each tube and immediately filtered through a Whatman Inc. GF/B
fiberglass filter (Clifton, NJ). The retained radioactivity was measured
using a liquid scintillation counter. Protein concentrations were deter-
mined by the modified Lowry's method (13). Receptor density (B.
values) for [3H]prazosin was calculated from Scatchard plots.

RNApreparation and Northern blotting. Total cellular RNAwas
isolated by the LiCI/Urea method (14). Briefly, after rinsing with cold
calcium-magnesium free phosphate buffered saline, cells were homoge-
nized in 3 MLiCl and 6 MUrea, and incubated overnight at 4VC. RNA
was pelleted by centrifugation at 12,000 g for 20 min. After extraction
with phenol/chloroform, and precipitation with ethanol, poly(A)+
RNAwas purified by oligo(dT) cellulose column chromatography (15).
For Northern blot analysis, poly(A)+ RNA(2 Mg) was denatured with
6%formaldehyde, fractionated by 1% agarose gel electrophoresis, and
transferred to a nylon filter. The blot was prehybridized in 50% form-
amide, 5 X SSPEbuffer, 5 x Denhardt's solution, 0.5% SDS, at 420C
for 4 h, and hybridized at 420C for 12-16 h to alB adrenergic receptor
cDNA (a gift from Dr. Robert J Lefkowitz and colleagues at Duke
University), utilizing the 0.45-kbp BglI-BglI fragment in coding region
(7) or fl-actin cDNA(16) probes that were labeled by with 32P-dCTP.
After hybridization, the filter was washed in 0.1 X SSPE, 0.1% SDSat
65°C, and exposed to Kodak XAR-5 film at -80°C with intensifying
screen generally for 18-24 h. The autoradiograms were scanned using a
densitometer.

Nuclear run-off transcription assay. Nuclei were prepared as de-
scribed by Greenberg et al. (17) and stored at -80°C. Nuclei (2-3
x 107) were incubated for 20 min at 30°C with 200 MCi of [32P]UTP.
After RNase-free DNase I and proteinase K treatments, the reaction
products were extracted with phenol/chloroform and unincorporated
[32P]UTP was removed by trichloroacetic acid precipitation and filtra-
tion. The radiolabeled RNA(2-3 X I0' cpm) was dissolved in 1 ml of
hybridization solution (same as above) and hybridized at 42°C for 36 h
with 5 Mg of the pGEM-4Z plasmid immobilized to a nylon filter (as a
control) or with immobilized plasmid-containing inserts of a I B adren-
ergic receptor or (1-actin cDNA. After autoradiography, each dot was
cut out and quantified by liquid scintillation counter.

Transcript stability analysis. The stability of a I B adrenergic recep-
tor mRNAin dexamethasone-treated and control DDT1-MF2 cells
was measured by incubating the cells with 5 Mg/ml actinomycin D to
block transcription ( 18). After various times of incubation, total RNA
was isolated from individual dishes of these actinomycin D-treated
cells as described above and an RNase protection assay was performed.
An RNAprobe was produced by incubating a pGEM-3Z plasmid that
contained a 0.35-kbp DNAfragment from the a I B adrenergic receptor
cDNAwith T7-RNA polymerase and [32P]UTP (100 MCi) at 37°C for 1
h. The RNAprobe (5 x 101 cpm) and total RNA(25-50 M&g) were
mixed and hybridized overnight at 45°C in 80% formamide, 0.4 M
NaCl, 50 mMPipes, and 1 mMEDTA. RNase buffer containing
RNase A (10 Mg/ml) and RNase Tl (10 U/ml) was added to each assay
tube and then incubated for 30 min at 30°C. RNase-resistant hybrids
were precipitated with ethanol and run on a 5%polyacrylamide, 8 M
urea gel.

Statistical analysis. Student's t test (two tailed) was used for com-
paring groups.

Results

To investigate the effects of glucocorticoids on a l B adrenergic
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methasone for 1-48 h before harvesting the cells. As shown in
Fig. 1, a lB adrenergic receptor number, measured with the
ligand [3H]prazosin, was unchanged during the first several
hours of exposure. The B.. was initially 460±30 fmol/mg pro-
tein (n = 3). The receptor number was found to be increased
after 8-16 h of exposure to dexamethasone and progressively
increased to 181 ± 18% of controls at 48 h (n = 4, P < 0.05).
[3H]prazosin's dissociation constant did not change (data not
shown).

The steady-state a I B adrenergic receptor mRNAlevel was
measured by Northern blot analysis. Two sizes of a 1 B adrener-
gic receptor mRNAsignal were observed in DDTI-MF2
mRNA(2.3 and 2.0 kbp), and these showed the same relative
proportions throughout the experiments involving treatment
with steroids (Fig. 2 A). As both signals were positive even after
washing filters at high stringency in 0.1 X SSPEat 650C, these
different sizes could be due to alternative polyadenylation al-
though this was not directly determined. Wehave observed an
increase in the a l B adrenergic receptor mRNAas early as 2-4
h after treatment with dexamethasone, and the abundance of
the mRNAprogressively increased over the next hours (Fig. 2
A). The maximal accumulation was found at 24-48 h.
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Throughout the experimental period there was no change in
abundance of f3-actin mRNA(Fig. 2 A). Therefore, we used
fl-actin mRNAas an internal control for minor fluctuations in
mRNAapplied to the gel. Fig. 2 B illustrates the relative in-
crease in a lB adrenergic receptor mRNA/fl-actin mRNAra-
tio. The maximal increase in alB adrenergic receptor mRNA
from three experiments was 2.8±0.7-fold at 48 h (n = 3, P
< 0.05).

We also examined changes in alB adrenergic receptor
mRNAabundance induced by other steroid hormones, includ-
ing aldosterone, testosterone, fl-estradiol, and progesterone. To
compare the potency and efficacy of each of these steroid hor-
mones to induce a lB adrenergic receptor mRNAabundance,
the cells were incubated with varying concentrations of each
steroid hormone for 24 h. As shown in Fig. 3, dexamethasone
and testosterone have the greatest and most potent capacity to
induce the steady-state alB mRNAlevel; ECs5s were 2 X 10-10
and 3 x 10-'° M, respectively (n = 4). Aldosterone's EC5 was
- 100-fold less than that of dexamethasone. These results sug-
gest that alB adrenergic receptor mRNAis induced by both
glucocorticoids and androgen receptors and possibly by miner-
alocorticoid receptors as well. However, the activation by aldo-
sterone could reflect an effect mediated via a glucocorticoid
receptor.

To investigate if the glucocorticoid-mediated effects re-
quired new protein synthesis, DDTI-MF2 cells were pretreated
with cycloheximide (5 Ag/ml) for 2 h, and then dexamethasone
was added to the medium for 24 h. As before, alB adrenergic
receptor mRNAvalues were determined by Northern blotting.
The yield of mRNAfrom the cycloheximide-treated cells was

- 50% of that from cells that had not been exposed to the
protein synthesis inhibitor; in addition, the proportion of the
two signals was different in the cycloheximide-treated cells.
Nonetheless, dexamethasone caused the same increase in a lB
adrenergic receptor mRNAin cells treated with cycloheximide,
as was observed in control cells treated with this glucocorticoid
(Fig. 4).

A change in abundance of the alB adrenergic receptor
mRNAcould result from either an alteration in the transcrip-
tion rate or degradation rate of the mRNA.To investigate these
possibilities, nuclear run-off transcription assays (to measure
changes in the transcription rate of the a lB adrenergic receptor
gene) and transcript stability assays were performed. The re-
sults of these experiments were normalized to the rate of tran-
scription of the f3-actin gene which was unchanged.

1 2 - I I - I 0 - 9 8

Concentration [log(M)]

Figure 3. Dose response
of effects of steroid hor-
mones on a l B adrener-
gic receptor mRNA
abundance in DDTl-
MF2cells. Cells were
exposed to dexametha-
sone (dex), testosterone
(test), aldosterone

f ~~~(aldo), 68-estradiol (est),
and progesterone (prog)
for 24 h. mRNAabun-
dance was determined
by Northern blotting as

¢ $ described in the text.
-7 -6 - 5 Data are the average of

three experiments.

dex (-) (+) (-) (+) Figure 4. Effects of cyclohexi-
mide (CHx) on dexamethasone

CHx ( (+) (+) (dex}-mediated increase in aIB
adrenergic receptor mRNA
abundance. DDT1-MF2 cells
were pretreated with cyclohexi-
mide (5 ug/ml) for 2 h and then
exposed to dexamethasone (1
uM) for 24 h. While the yield
of mRNAfrom cells was

- 50%of that from the control
cells and the proportion of the

two a I B signals was altered after 26 h treatment with cycloheximide,
dexamethasone increased a 1 B adrenergic receptor mRNAabundance
to a similar extent as in the control cells.

The rate of transcription of the a lB adrenergic receptor
gene increased 2.6±0.6-fold (n = 4) in the cells that had been
exposed to dexamethasone for 24 h (Fig. 5 A). This change is
similar to the increase in a lB adrenergic receptor mRNA
abundance measured in the Northern blotting experiments.

The stability of the a lB adrenergic receptor mRNAwas
examined by inhibiting new mRNAtranscription with actino-
mycin D in intact cells. After incubating the cells with dexa-
methasone (10-6 M) for 24 h, actinomycin D was added at a
final concentration of 5 ug/ml, and the disappearance of a lB
adrenergic receptor mRNAwith time was measured by the
RNase protection assay. The yield of total RNAobtained from
the cells was unchanged by actinomycin D for up to 8 h. These
experiments demonstrated that a lB receptor mRNAfrom
cells treated with dexamethasone for 24 h had almost identical
stability compared to control cells (5.1 vs. 5.3 h) (Fig. 5 B).

Discussion

Weused the DDT1-MF2 hamster smooth muscle cell line to
investigate the regulation of the a l B adrenergic receptor gene
by steroid hormones. DDT1 MF2cells express a 1, #2 adrener-
gic receptors, and glucocorticoid and androgen receptors (19-
22). In this study, we have demonstrated that a lB adrenergic
receptor number and mRNAabundance in DDT1-MF2 cells
is induced by glucocorticoid. This change in expression of the
a I B mRNAis due to an elevated transcription rate of the a I B

4A Figure 5. Effects of
dexamethasone on (A)

3 transcription rate of the
ZiE50 a 1 B adrenergic receptor

2 gene and (B) stability of
< El c aIB receptor mRNA.

l l = 8 <1 (A) Cells were treated
with dexamethasone (1

oo. enQ/ X ; - ,uM) for 24 h, and thecont dcx o 4 8 12 16 nuclei were isolated.
Timne(hns) The transcription rate

was measured by a nu-
clear run-off assay. Transcription rates of alB adrenergic receptor
gene are expressed relative to the fl-actin transcription rate. The re-
sults are the means±SEM, n = 4 experiments. (B) Stability of alB
adrenergic receptor mRNAwas estimated by inhibiting gene tran-
scription with actinomycin D (5 Ag/ml). The decay of aIB adrenergic
receptor mRNAabundance was detected by RNase protection assay.
The data shown are the average of three experiments.
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adrenergic receptor gene. Testosterone, a male sex steroid, and
aldosterone, a mineralocorticoid, also induced increased abun-
dance of the a l B adrenergic receptor mRNA. The female sex
steroids estradiol and progesterone did not increase expres-
sion of this gene.

For most steroid-regulated genes, gene expression is mainly
influenced by changing the transcription rate (23), but signifi-
cant differences in the stability of mRNA,such as ovalbumin
mRNAby estrogen (24), have been reported. The transcription
rate of a l B adrenergic receptor gene was 2.6-fold higher in the
cells treated with glucocorticoid for 24 h, whereas there is al-
most no change in stability of the mRNA, indicating that the
main change induced by dexamethasone was on gene tran-
scription.

Steroid hormones appear to mediate their biological effects
by binding to an intracellular receptor protein that is confined
to target cells. Interaction of the hormone and its receptor leads
to an alteration in the structure of the protein that is manifested
by an increased affinity of the steroid-receptor complex to
DNA(23).

Expression of the structurally related (32 adrenergic recep-
tor which activates adenylyl cyclase, has been found to be regu-
lated by glucocorticoids (10, 1 1). Glucocorticoids increase the
rate of transcription of this gene (10) although the pattern of
change in expression for this gene is different from the a1B
adrenergic receptor gene reported here. For the (3 adrenergic
receptor, there is a very rapid rise in mRNAabundance (occur-
ring within 15 min), and the maximum accumulation occurs
between 1 and 2 h. The increased (2 adrenergic receptor
mRNAabundance then slowly decays back to control values
by 10 h in the continued presence of glucocorticoid. Wecould
not detect an increase in mRNAlevel at this early time; how-
ever, while the increased expression developed more slowly,
the maximum value remained increased for a much longer
time (at least 48 h). These differences between the accumula-
tion of (2 adrenergic receptor mRNAand that of the alB
adrenergic receptor mRNAmay be, at least in part, due to the
greater stability of the latter in these cells. There was a good
correlation between the increase in expression of a lB adrener-
gic receptor and the change in abundance of the receptor's
mRNA.

Gene transcriptional regulation by steroids requires the in-
teraction of the hormone-intracellular receptor complex with
cis-regulatory sequences (25, 26). The transcriptional induc-
tion by glucocorticoids through the glucocorticoid response ele-
ment is generally rapid and does not require new protein syn-
thesis (27). The specificity of the elements for this steroid hor-
mone receptor is not tightly restricted, and these elements are
able to mediate induction by several hormones (28, 29). While
no clear consensus sequence has yet been defined for the an-
drogen receptor response element, a glucocorticoid response
element 1 5-mer is able to mediate induction by androgens (30).
As the DNAsequence of the 5' flanking region of a lB adrener-
gic receptor gene has not been reported, we do not know
whether glucocorticoid receptors and androgen receptors bind
to the same or different DNAelements in this gene.

It is of interest to speculate that these effects of steroid hor-
mones found in transformed smooth muscle cells could have
relevance to changes in vascular smooth muscle that occur in
certain forms of endocrine excess. There is extensive evidence
that glucocorticoids enhance the sensitivity of the blood vessels
to vasoconstriction induced by catecholamines (2-4). Indeed,

patients with Cushing's syndrome have been found to have
increased sensitivity to norepinephrine-induced pressor re-
sponses (1). Onthe other hand, it is likely that the hypertension
so commonly seen in Cushing's syndrome is multifactorial,
involving changes in salt balance, renin-angiotensin system, as
well as effects on vasodilating mechanisms such as those me-
diated by prostaglandins and the kallikrein-kinin systems (1).
While some of the effects of excess concentrations of glucocor-
ticoids occur within minutes, there is evidence that glucocorti-
coids are important in the maintenance of a normal comple-
ment of a 1 adrenergic receptors in blood vessels from rats (31).
While testosterone has been found to increase sensitivity of
blood vessels to constriction induced by catecholamines, in
one study in rats, this was found to be due to a change in
receptor affinity for catecholamines rather than receptor num-
ber (32). Testosterone increases expression of the (32 adrenergic
receptor gene in prostate (33). The fact that the expression of
the a lB receptor gene is increased by aldosterone raises the
possibility that changes in these receptors in vascular smooth
muscle could contribute to mineralocorticoid-induced hyper-
tension. However, it is possible that the action of aldosterone in
DTT1 MF-2 cells may involve activation of a glucocorticoid
receptor. These possibilities require direct experimental testing
in animal and possibly human subjects.

Wehave found that the expression of the a lB adrenergic
receptor gene is induced by glucocorticoids and results in an
increase in the number of a lB adrenergic receptors. Even after
48 h exposure to dexamethasone, receptor number and mRNA
abundance remained increased. While these changes have inter-
est in their own right, they are raise the possibility that these
types of changes could contribute to the increased sensitivity to
catecholamines that is seen in certain forms of endocrine hy-
pertension.
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