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SUMMARY

We studied the regulation of S-adrenergic receptor (AR) subtypes
co-existing in rat Cs glioma celis to clarify the importance of
subtype ratio in responses to catecholamines. Radioligand bind-
ing studies with ['?*{}-cyanopindolol showed that ;- and 8-ARs
co-existed in this cell line in approximately an 80:20 ratio. Nor-
epinephrine (NE) and epinephrine (EPI) were equally potent in
increasing CAMP accumulation, consistent with a primarily g,-
response, although both ;- and S-components of the response
could be isolated using selective (NE and zinterol), and
(CGP 20712A and ICI 118,551). Littie or no evidence
of 8;-ARs could be found in this cell line. Treatment of cells with
500 nm dexamethasone (DEX) for 48 hr increased the proportion
of 8-ARs (20 to 60%). However, a reciprocal decrease in f,-
ARSs resulted in no change in total 8-ARs. Studies on the time-
(12 to 72 hr) and concentration- (5 nm to 5000 nm) dependence

of DEX treatment showed that increases in S-ARs were closely
linked to decreases in $;-ARs with little or no change in total
receptor density observed at any time or in any concentration
studied. Treatment with DEX also increased 8.- and decreased
B1-mediated CAMP responses, but did not alter the response to
the nonselective agonist, isoproterenol. Northemn biot analysis
showed a 2- to 3-fold increase in 8-AR mRNA, but no change
in 8:-AR mRNA, after exposure to 50 or 500 nm DEX for 48 hr.

, after DEX treatment, NE and EP! were still equally
potetninacﬁvatingcAMPaoaumhﬁon although responses to
the B2-selective agonist, zinterol, were increased. These studies
show a close reciprocal regulation by DEX of the relative pro-
portions of §,- and AR subtypes in C, cells. The functional

Many neurotransmitters and hormones exert their effects
through large families of often closely related receptor subtypes.
At least nine AR subtypes have been identified (1-6), mediating
the effects of NE and EPI. These ARs are grouped into three
families, called a;, as, and B. There are at least three distinct
subtypes within each family that have similar ligand binding
properties and homologous structures and appear to activate
similar signalling mechanisms.

The existence of distinct 8,- and §,-AR subtypes was recog-
nized first from the different potencies of EPI and NE in
activating responses in different tissues (7-8). EPI and NE are
equally potent at 8,-ARs, but EPI is about 20 times more potent
than NE at 8;-ARs (5). Recently, a third 8-AR subtype has
been identified (8;) where NE is about 20 times more potent
than EPI (6). All three 8-AR subtypes activate adenylate cy-
clase through Gs (5-6), increasing cAMP accumulation, but it
is not yet clear whether they do so with similar coupling
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efficiencies. It is also not yet known whether other signalling
mechanisms might also be activated by these different receptor
subtypes.

AR subtypes often co-exist in the same tissue (3-10) and can
be co-expressed on the same cells (11-13). The functional and
therapeutic implications of such co-existence are only now
beginning to be studied. The co-existence of different subtypes
on the same cell may cause opposite, additive, redundant, or
synergistic responses to a single neurotransmitter. For example,
co-existing 8,- and a;-ARs cause opposing effects on cAMP
formation in primary cultures of rat glial cells (14), but co-
existing §;- and Bs-ARs cause redundant increases in cAMP
formation in human SK-N-MC neuroblastoma cells (15).

Glucocorticoids such as DEX selectively regulate the density
and responsiveness of certain AR subtypes (16-24). Glucocor-
ticoids increase 8;-AR receptor density by binding to a gluco-
corticoid response element in the 5’ noncoding region of the
gene and increasing transcription (22, 24). However, glucorti-
coid treatment usually diminishes both g,- and Ss-AR receptor

ABBREVIATIONS: AR,

receptor; NE, norepinephrine; EPI, epinephrine; DEX, dexamethasone; EDTA, ethylenediaminetetraacetic acid;

adrenergic
CGP, CGP 20712A; IC|, IC! 118,551; '#CYP, ['*f}-cyanopindolol; ISO, isoproterenol, KRB, Krebs-Ringer bicarbonate buffer; IBMX, 3-isobutyime-
thyixanthine; PBS, phosphate-buffered saline; ZINT, zinterol; EC,,, median effective concentration.
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expression (16, 19). We wondered if glucocorticoids would
inversely regulate 8,- and 8,-ARs co-existing on the same cell,
thereby changing the subtype ratio and responsiveness to the
endogenous catecholamines EPI and NE. Because $,- and 8,-
ARs are known to be co-expressed in rat Cq glioma cells (11,
25-27), we studied the effect of DEX on g,- and 8;-AR density
and catecholamine responsiveness in these cells.

Experimental procedures

Materials. Rat Cq glioma cells were obtained from the American
Type Culture Collection (Rockville, MD). Materials were obtained from
the following sources: horse serum, fetal bovine serum, and trypsin-
EDTA (GIBCO BRL, Grand Island, NY), [*H]adenine (~25 Ci/mmol,
Du Pont NEN, Boston, MA), [*P)dCTP (~6000 Ci/mmol, Amersham,
Chicago, IL), ICI (Cambridge Research Biochemicals, Macclesfield,
UK), Ham’s F-10 medium, (-)NE, (-)ISO, (-)EPI, (-)propranolol,
DEX, IBMX, cAMP, and all other agents (Sigma Chemical Co., St.
Louis, MO). ZINT was kindly donated by Mead Johnson Pharmaceu-
ticals (Evansville, IN). CGP 20712A and CGP 12177 were kindly
donated by Ciba Geigy (Summit, NJ).

Cell cultures. C, cells were grown in Ham’s F-10 medium supple-
mented with 15% horse serum, 2.5% fetal bovine serum, 20 mg/]
streptomycin and 20 mg/1 penicillin in a humidified atmosphere con-
taining 7% CO; at 37°. Cells were grown to confluency and the medium
was changed every 2 to 3 days. Confluent cells were subcultured at a
ratio of 1:4 into Primaria flasks. For cAMP assays, 2 ml of cells (10*
cells/ml) were subcultured into 35-mm Primaria plates and grown to
confluency. For membrane radioligand binding assays, 10 ml of cells of
the same concentration were added to 100-mm plates and grown to
confluency.

cAMP accumulation. cAMP accumulation was measured by the
[*H]adenine prelabeling technique (28), as described previously (14).
Briefly, confluent cells in 35-mm plates were prelabeled with [*H}
adenine (1 4Ci/2 ml) for 2 hr. Culture medium was then removed and
cells were washed twice with 1 ml of KRB at 37° and replaced with 1
ml KRB. Drugs were added and cells were returned to the 37° incubator
and incubated for 10 min. At the end of the incubation, 100 ul of 77%
trichloroacetic acid was added to terminate the reaction, and 50 ul of
unlabeled cAMP (10 mM) was added as a carrier. Cells were scraped
and centrifuged at 30,000 X g for 10 min. A 50 ul aliquot of the
supernatant was taken for counting the incorporation of [*H]adenine
and [*H]cAMP isolated from the rest of the supernatant by sequential
DOWEX and alumina chromatography (29, 30). Results were expressed
as a percentage of the conversion of [*HJATP to [*H]cAMP.

Radioligand binding assay. Binding of '®ICYP to Ce cell mem-
brane preparations was assessed as described previously (31). Briefly,
confluent cells were washed twice in PBS (pH 7.6), harvested, and
homogenized in PBS. Homogenates were centrifuged at 30,000 X g for
10 min and pellets were resuspended in PBS (1 ml/confluent plate).
Membranes (0.1 ml) were incubated with *ICYP in a final volume of
0.25 ml PBS at 37° for 1 hr with or without competing drugs. For
Scatchard analysis, increasing concentrations (maximal 300 pM) of
IBICYP were used. For competition binding, 50,000 cpm *ICYP (50
pM) was used. At the end of the incubation, the binding was terminated
by adding 10 ml 10 mM TrisHCI (pH 7.4) and filtered through glass
fiber filters (Schleicher and Schuell, #30, Keene, NH) under vacuum.
Filters were washed with an additional 10 ml buffer, dried, and counted
in a gamma counter. Nonspecific binding was defined as binding in the
presence of 10 uM ISO.

mRNA analysis. The cDNA encoding the human 8;-AR (3.0 K,
subcloned in pBC12) (32) was kindly provided by Dr. R. J. Lefkowitz
(Duke University, Durham, NC). The cDNA encoding the human 8,-
AR (2 K, in pUC18) (33) was obtained from American Type Culture
Collection (Rockville, MD). Full length inserts were labeled with [**P]
dCTP by the random primer method (Prime-It, Stratagene, La Jolla,
CA). Northern blot analysis of mRNA was performed as described

previously (31). Confluent C, cells were incubated with 0, 50, or 500
nM DEX for 48 hr. Cells were washed with cold PBS buffer and poly
(A)* RNA was isolated (FastTrack, Invitrogen, San Diego, CA). After
electrophoresis on 1.2% agarose/0.7% formaldehyde gel, RNA was
blotted on Hybond N nylon membranes (Amersham, Chicago, IL)
overnight. The blots were washed and baked for 1 hr at 80°. Membranes
were prehybridized for 2 hr, and then hybridized with [®P]-labeled
cDNA probes for 16 hr at 42°. After hybridization, membranes were
washed twice at room temperature in 2 X standard saline citrate with
0.1% SDS for 15 min each, followed by two 15-min washes in 0.2 X
standard saline citrate with 0.1% SDS at 55°. Autoradiographs were
made by exposure to Kodak X-Omat film (Kodak, Rochester, N.Y.) for
2 to 6 days. Blots were stripped and reexposed to film for 3 days before
hybridizing with a different probe. Bands were quantitated using a
video densitometer.

Results

8- and B;-ARs co-exist in Cq glioma cells. The high
affinity antagonist radioligand, '*ICYP, was used to character-
ize §;- and B:-ARs in Cq cell membranes. Scatchard analysis of
12ICYP binding resulted in a linear plot (Fig. 1) with a K, of
25 pM and a B,., of 172 fmol/mg protein. Competition for
12]CYP (50 pM) binding with the 8,-selective antagonist, CGP,
and the B,-selective antagonist, ICI, resulted in biphasic curves

4T

BOUND/FREE
i

Bmax =172 fmol/mg
Kd =25 pM
o

0 —+ —+ + 4
0 50 100 150 200

BOUND (fmoles/mg protein)

1009-0
?— \6\ - .\.
<=0 \Q
4] o )
Z 801 N N
a o °~
Z \r o
m 60+ ?\ \
o - .
(—) 404 \ 1 \
w N °
% O—OCGP 20712A O \
1 ®—a@icl 118,551 PO
w 201 T ‘-Lé—é\g\ g
0 + + + + 4
-10 -9 -8 -7 -6 -5

log [DRUG] (M)

Fig. 1. 8:- and B-AR binding sites in membranes from rat Cs glioma
cells. Upper, Scatchard analysis of specific '*ICYP binding. Lower,
inhibition of 'ZICYP (50 pm) binding by the 8;-selective antagonist CGP
and the B-selective antagonist ICl. Each value is the mean + standard
error of three or four experiments performed in duplicate.
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indicative of two affinity sites. Nonlinear curve-fitting showed
a ratio of 80:20 highlow affinity sites for the 8;-selective drug
(CGP), while the ratio was reversed for the B;-selective drug
(ICI), indicating that 8,- and S.-ARs co-exist in this cell line
in an approximately 4:1 ratio. K, values calculated for CGP
and ICI for binding to each subtype are listed in Table 1.

Rank order of agonist potency indicates that the cAMP
response is mediated primarily by 8,-ARs. Concentration-
response relationships in increasing cAMP formation in intact
Ce cells for the endogenous catecholamines NE and EPI, the
nonselective agonist ISO, and the B,-selective agonist ZINT
are shown in Fig. 2. The rank order of potency of the catechol-
amines was ISO > NE = EPI, indicative of a primarily 8,-
response. However, the §;-selective agonist ZINT also caused
a substantial (although submaximal) response, although the
concentration-response relationship was shallow.

Activation of either §,- or 8;:-ARs can increase cAMP
formation. We used the g,-selective antagonist CGP and the
B2-selective antagonist ICI to define the contribution of 8,- and
B:-ARs to agonist-stimulated cAMP responses. Fig. 3 shows
that CGP and ICI inhibited the cCAMP response to ISO, NE
and ZINT, but the relative potencies of these selective antag-
onists varied depending on the agonist and its concentration.
CGP was more potent than ICI in blocking the cAMP response
to 1 uM ISO (Fig. 3, Upper Left), indicating a primarily g,-
response. CGP was about 100 times more potent than ICI at

TABLE 1
Two-site analysis of displacement of specific '*iICYP binding by the
30118551 antagonist CGP 207 12A and the S;-selective antagonist

Displacement curves (Fig. 1, Lower) were subjected to nonlinear regression analysis
to obtain the best two-site fit for proportion of total sites and affinity. Each value is
the mean + SE of data from three experiments performed in duplicate.

Totl sites Ke
% "
CGP 20712A
B 825158 0.004 + 0.001
B2 175+58 248 + 1.06
ICI 118,551
B 146+ 18 0.009 + 0.004
B2 854+1.8 0.45 £ 0.05
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Fig. 2. Concentration-response curves for activation of CAMP accumu-
lation by ISO, NE, EPI, and ZINT in intact Ce celis. Data are expressed
as a percent of the maximal response to ISO (Basal = 0.05 + 0.01;
maximal = 9.7 + 2.1% conversion of [°H}-ATP to [*H}-CAMP). Each value

is the mean + standard error of three experiments performed in duplicate.
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Fig. 3. Inhibition of CAMP to ISO (1 um, Upper, left), NE (0.1
um, Upper, right), a low concentration of ZINT (0.3 um, Lower, right), or
a high concentration of ZINT (100 um, Lower, left) by the B;-selective
antagonist CGP and the S-selective antagonist ICI. Data are expressed
as a percent of the response to each agonist in the absence of antagonist.
100% ISO-, 0.3 um ZINT-, and 10 um ZINT- stimulated responses of
5.15 + 1.61, 2.09 + 0.88, and 3.87 + 1.04% conversion of [*H}-ATP to
[*H]-cAMP, respectively. Basal values were 0.05 + 0.01 and 0.11 +
0.04% conversion, . Each value is the mean + standard error

respectively.
of three experiments performed in duplicate.

inhibiting the cAMP response to 0.1 uM NE (Fig. 3, Upper
Right), again indicating a (3,-response stimulated by this con-
centration of NE. At a relatively low concentration of ZINT
(0.3 uM), ICI was substantially more potent than CGP in
blocking the response (Fig. 3, Lower Left), consistent with a
primarily 8;-response. However, at a higher ZINT concentra-
tion (100 uM), CGP and ICI were approximately equally potent
in blocking the response (Fig. 3, Lower Right), indicating both
B:- and B.-ARs contribute at higher ZINT concentrations.
Responses to individual subtypes can be isolated with
selective agonists and antagonists. The highly g,-selective
antagonist CGP was used to define conditions where responses
to each subtype could be quantitated. Fig. 4 (Upper) shows that
increasing concentrations of CGP cause complex shifts in the
concentration-response curve for the nonselective agonist ISO.
At low CGP concentrations, the concentration-response curve
for ISO was shifted to the right in a parallel manner, indicating
a primarily B8,-type response. At higher CGP concentrations,
the concentration-response curves for ISO became biphasic,
with the upper portions continuing their parallel shift to the
right, but the lower portions unaffected by further increases in
CGP concentration. The concentration-response curve to the
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Fig. 4. Effect of the f,-selective antagonist

response curves for agonist-stimulated CAMP accumulation. Concentra-
tion-response curves for ISO (Upper), NE (Middle), or ZINT (Lower) in
the absence or presence of various concentrations of CGP. Data are
expressed as a percent of the maximum to each individual

agonist. 100% ISO response comresponds to 6.16 + 0.62% conversion
of *H-ATP to *H-cCAMP. Basal response corresponds to 0.09 + 0.03%

conversion. Each value is the mean + standard error of three experiments
performed in dupticate.

Bi-selective agonist NE, however, was almost completely
blocked by inclusion of 300 nM CGP, indicating that it is
mediated exclusively by 8,-ARs. In contrast, 300 nM CGP had
no significant effect on the concentration-response curve to the
Bo-selective agonist ZINT at concentrations of 1 uM or less,
although some inhibition was observed at higher ZINT concen-
trations. This indicates that the response to ISO involves both
B:- and B;-ARs in a complex interaction, the response to NE is
mediated almost exclusively by 8,-ARs, while the response to
relatively low concentrations of ZINT (<1 uM) are mediated
almost exclusively by 8;-ARs. Based on these data, we chose
responses to 0.1 uM NE and 0.1 uM ZINT as indices of 8,- and
Bs-responses in further experiments.

Treatment with DEX causes reciprocal changes in 8,-
and 8s-AR density and responses. In an attempt to alter
the proportion of 8,- and B.-ARs, we treated intact Ce cells
with the synthetic glucocorticoid DEX (500 nM) for 48 hr. Fig.
6 shows inhibition of *ICYP binding by CGP (8,-selective,
Upper) and ICI (B;-selective, Lower) in control and DEX-
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Fig. 5. Inhibition of '*ICYP binding (50 pm) by CGP (Upper) and ICI
(Lower) in membranes from control and DEX- (500 nm, for 48 hr) treated
Cs celis. Each value is the mean + standard error of three experiments
performed in duplicate.

treated cells. DEX treatment significantly increased (20 to
60%) the proportion of the B:-subtype (low affinity for CGP,
high affinity for ICI) and decreased (80 to 40%) the proportion
of the $, subtype (high affinity for CGP, low affinity for ICI)
without significantly altering the total number of '*ICYP bind-
ing sites (not shown, see below). Similar results were observed
when cAMP responses were compared in control and DEX-
treated (500 nM, for 48hr) cells (Fig. 6). The total (8, + B.)
cAMP response was defined as the response to 1 uM ISO, the
B2-response as the response to 0.1 uM ZINT, and the 8,-response
as the response to 0.1 uM NE (Fig. 3). DEX treatment decreased
the B,-response and increased the 8,-response without altering
the total cCAMP response (Fig. 6).

Reciprocal changes show similar concentration- and
time-dependence. To further characterize the effects of DEX
pretreatment, cells were treated with different concentrations
of DEX for 48 hr, or with the same concentration of DEX for
different times. Total 5-ARs were measured by Scatchard
analysis of specific **ICYP binding, and 8;- and 8;-AR subtypes
were distinguished with 300 nM CGP. Fig. 7 shows that DEX
pretreatment did not change total -AR density at any concen-
tration tested (5 to 5000 nM) although the proportion of 8-
and §.-AR subtypes changed dramatically. Scatchard analysis
of *ICYP binding in the presence of 10 uM CGP to block the
B1-subtype showed that DEX treatment caused B;-AR to in-
crease from about 20 fmol/mg protein to 50 fmol/mg protein,
with an ECs for DEX around 5 nM (Fig. 7). However, a close
reciprocal decrease in 8,-AR density (80 to 40 fmol/mg protein)
resulted in little change in total 8-AR density at any concen-
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bar) and DEX- (filled bar) treated (500 nwm, for 48 hr) cells. Total response
is defined as the response to 1 um ISO, §;- as response to 0.1 um NE,
and B as response to 0.1 um ZINT. Note that the S,-response is
compietely inhibited by 0.3 um CGP (bars with “+" sign under them), but
the S-response is unaffected by 0.3 um CGP in either control or DEX-
treated celis. Data are expressed as percent of conversion of [°H}-ATP
to [*H}-cAMP. Each value is the mean + standard error of data from

three experiments performed in duplicate.
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ARs in Cq cell membranes. Total 5-AR density was determined by
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by Scatchard analysis of specific '*ICYP binding when §;-ARs are
blocked with 10 um CGP (Upper, right). The lower panel shows the
concentration-dependent effect of DEX treatment (48 hr) on total (open
circle), fAR (filled circle) and calculated B;-AR (difference between
total and $-AR density, open triangle) binding sites. Each value is the
mean + standard of data from three experiments performed in
duplicate.
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Fig. 9. Time course for effects of DEX (500 nm) treatment on total, 8-,
and Bz-AR binding sites in Cs celis. Total, 8;-, and 8,-AR binding sites
were measured or calculated as described in Fig. 7. Each value is the
mean + standard error of data from three experiments performed in
duplicate.

tration of DEX examined. Fig. 8 shows the concentration-
dependence of DEX pretreatment on cAMP responses to ISO
and selective agonists. There was a concentration-dependent
increase in the B.-response and a reciprocal, although less
robust decrease in the S,-response. No significant change in
the response to ISO was observed with any concentration of
DEX examined.

Fig. 9 shows the time course for changes in 8,- and $;-AR
density induced by DEX (500 nM) pretreatment. There was a
time-dependent increase in the density of 8;-ARs, and a recip-
rocal decrease in the density of 8,-ARs. Again, little change
was observed in total S-AR density after any time of DEX
exposure. Indeed, treatment with DEX for 3 days further
increased the proportion of 8,-ARs to about 80%, essentially
reversing the subtype ratio found in control cells. (Fig. 9).

Effect of other steroids on §8,- and Ss-responses in Cq
cells. To examine the specificity of the DEX-induced changes,
we compared total, 8,-, and S;-cAMP responses in Cq ce
pretreated for 48 hr with DEX (0.1 uM), the naturally occurring
glucocorticoid hydrocortisone (1 uM), and the mineralocorticoid
deoxycorticosterone acetate (1 uM). Table 2 shows that none
of these treatments significantly affected the total response to
1 uM ISO or the B;- response to 100 nM NE, however both
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TABLE 2

Effect of gluco- and mineralo-corticoid pretreatment on cAMP
responses in C, glioma cells

Celis were treated with no drug (Control), 1 um deso: terone acetate
(DOCA), 1 um hydrocortisone, or 100 nm dexamethasone for 48 hr. Total, 8,- and
BrAR mediated CAMP were determined as described in the legend to
Fig. 6. Each value is the mean + SE of data from three experiments performed in
dupiicate. Data are expressed as % conversion of 3H-ATP to *H-CAMP.

Control DOCA Hydrocortisone  Dexamethasone
Basal 027 +0.06 023+0.03 023+0.03 0.28+0.04

Total 119+28 119x+23 1181221 143x27

B 86+16 883+204 78x15 8116

B2 42+08 495+108 80x18 84+19
TABLE 3

Non-additivity of CAMP responses stimulated by subtype-selective
agonists (NE and ZINT) or by non-selective agonist ISO in DEX (500
nM, 48 hr)-treated celis

The concentration of NE and ZINT used activated only 8,- and 8:-AR, respectively
(Fig. 6). No significant differences were found between responses caused by ZINT
and ZINT + NE, or by ISO, ISO + NE, and ISO + ZINT using a t test. Each value
is the mean + SE of data from at least two performed in dupiicate.
Basal leveis of response (0.08 + 0.01) are subtracted from all the data. Data are
expressed as % conversion of *H-ATP to *H-CAMP.

Agonists CAMP Response
0.1 uM ZINT 8.95+0.77
0.1 uM NE 433 +0.62
0.1 uM ZINT + 0.1 M NE 9.35 £ 0.50
3.0uMISO 12.21 + 1.58
3.0 uM ISO + 0.1 uM NE 1339+ 10
3.0uMISO + 0.1 uM ZINT 1419+ 24

DEX and hydrocortisone (but not deoxycorticosterone acetate)
increased the S,-response to 200 nM ZINT.

B8:- and 83-AR mediated cAMP responses are not ad-
ditive. The additivity of cAMP responses to selective agonists
was examined in cells pretreated with 500 nM DEX for 48 hr,
where substantial responses to both subtypes are observed.
Table 3 indicates that when 8,- and S,-selective agonists (NE
and ZINT) are combined in DEX-pretreated cells, the overall
cAMP responses are not additive, despite the fact that this
response is less than the maximal response to ISO. Also, neither
NE nor ZINT further increased the cAMP response to a
maximal ISO concentration.

DEX increases $:-AR mRNA without altering §5;-AR
mRNA. Fig. 10 shows that treatment of C¢ cells with 50 or 500
nM DEX for 48 hr increased levels of 8;-AR mRNA by 2 and 3
times, respectively, consistent with the increase in 8;-AR den-
sity. However, DEX treatment had little effect on levels of 8;-
AR mRNA, despite the reduction in 8,-AR density.

Catecholamines still show a 8;-AR order of potency
after DEX treatment. To examine the effects of changing
the 8-AR subtype ratio on cellular responses to agonists, con-
centration-response curves for stimulation of cAMP formation
by ISO, EPI, NE and ZINT were examined in DEX-pretreated
(500 nM, for 48 hr) cells. Fig. 11 shows that responses to the
B:-selective agonist ZINT occur at lower concentrations and
are larger relative to the ISO maximum in DEX-treated cells
compared with control cells (Fig. 2). This is consistent with the
DEX-induced increase in §,-AR density documented above.
Surprisingly, ECs, values for ISO, EPI and NE were not
changed by DEX pretreatment (Table 4). ISO was still most
potent, and EPI and NE were still approximately equally potent
and efficacious in causing cAMP accumulation after DEX

B,-AR mRNA AR mRNA

CONTL 50 nM 500 nM CONTL 50 nM 500 nM

Fig. 10. Northern blot analyses of poly(A)* RNA from Cg cells treated
with 0 (Contl.), 50, or 500 nm DEX for 48 hr. The RNA blot was first
hybridized with a random primed full length human 8-cDNA probe and
exposed to film for 6 days. After stripping clean, the blot was then
hybridized with a random primed human 8,-cDNA probe
film for 3 days. Size was determined with a GIBCO RNA ladder.

AFTER 500 nM DEX TREATMENT (2 DAYS)
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Fig. 11. Concentra curves for ISO-, NE-, EPI-, and ZINT-

stimulated cCAMP formation in DEX-treated (500 nm, for 48 hr) C, celis.
Data are expressed as a percent of the maximal response to ISO. 100%
ISO response corresponds to 10.70 + 1.15% conversion of [PH}-ATP to
[*H}-cAMP and basal response to 0.04 + 0.003%. Each
value is the mean + standard error of data from three experiments

performed in duplicate.

treatment (Fig. 11), despite the reversal in the proportion of
B1- and B:-AR subtypes.

Are (3-ARs present in Cq cells?. To examine if 8;-ARs
might also co-exist in Cg cells, we studied the cAMP response
to the Bs-selective agonist CGP 12177. As shown in Fig. 12,
CGP 12177 gave a concentration-dependent increase in cAMP
formation, but the maximal response was only 6% of the
response to 1 uM ISO (Fig. 12, Upper). In addition, the cAMP
response to 0.1 uM CGP 12177 was completely inhibited by
propranolol (Fig. 12, Lower), indicating possible involvement
of 8- and B:-AR in mediating the response. In DEX-pretreated
cells (500 nM, 48 hr), the response to CGP 12177 was dimin-
ished to about 3% of the ISO response, and was still inhibited
by propranolol (data not shown).
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TABLE 4

ECy values for NE-, EPi-, and 1SO-stimulated CAMP responses in
control and DEX (500 nm, 48 hr)-treated cells

There were no significant difference between the ECy values of any agonist in
control and DEX-treated celis by Student's ¢ test. Each value is the mean + SE of
mﬁgnmmuemmmmhm.mn

IogECeo
Control Dexamethasons-rested
)
(=)}NE -7.39 £ 0.07 ~7.19 £ 0.06
(n=10) (n = 5)
(=)EPI -7.13+0.12 -7.39+0.09
(n=5) (n=4)
(=HSO -8.22 +£0.21 -8.10 £ 0.05
(n = 5) (n=23)
8
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Fig. 12. curve for CGP 12177-stimulated CAMP

formation (Upper) and inhibition of the response to 0.1 um CGP 12177

by propranoiol (Lower). Data are expressed as a percent of the maximal
response to ISO (3 um). Each value is the mean + standard error of data
from two experiments performed in duplicate.

Discussion

Increasing numbers of distinct receptor subtypes are being
identified for a variety of hormones and neurotransmitters.
However, the functional significance of these multiple subtypes
is not yet clear. Mixtures of receptor subtypes for a single
neurotransmitter probably co-exist on many cells, and inter-
actions between these subtypes are likely to be important in

Inverse reguiation of 5-AR subtypes 1091

cell signalling. Because 8,- and B;-ARs co-exist in Cq glioma
cells (11), we used this homogeneous cell population to study
the interactions between closely related subtypes. Previous
studies have examined the differential regulation of these two
subtypes by atypical (25) and typical (26) agonist exposure, and
their relative rates of reappearance after inactivation or down-
regulation (27). However, the role of each subtype in cell
signalling, and the importance of the ratio of subtypes in
responses to transmitter have not been previously examined.

We found that g8,- and 8.-ARs co-exist in C, cells in approx-
imately an 80:20 ratio, in agreement with Homburger et al
(11). A much higher proportion of the 8;- subtype (66%) had
been reported by Neve et al. (25). However, Hough and Chang
(26) also found substantially higher concentrations of ;- than
B.-mRNA in these cells. Catecholamines activated cAMP ac-
cumulation with an order of potency expected for 8,-ARs (ISO
> NE = EPI), consistent with this being the dominant subtype
in these cells. However, activation of 8;-ARs also increased
cAMP, because responses to low concentrations of the S,-
selective agonist ZINT were selectively blocked by the S,-
selective antagonist ICI.

The use of selective agonists and antagonists showed that
the contribution of each subtype to the cCAMP response de-
pended on agonist selectivity and concentration. A low concen-
tration of the B,-selective antagonist CGP (3 nM) caused a
parallel shift to the right in the concentration-response curve
for the non-subtype-selective agonist ISO, indicating a primar-
ily 8,-type response. However, at higher CGP concentrations,
concentration-response curves for ISO became biphasic, and
the lower portion of the curve became insensitive even to
relatively high concentrations of CGP. These results indicate
that 8,-ARs also contribute to ISO responses, particularly at
higher ISO concentrations. The different concentrations of ISO
required for activation of each subtype indicate that these two
subtypes may have differential receptor reserves in these cells.
The B,-selective agonist NE, on the other hand, stimulated
cAMP accumulation exclusively through the 8,-subtype at the
concentrations tested, because this response was completely
blocked by 0.3 uM CGP. These results show that different
agonists can activate responses through different proportions
of co-existing subtypes, depending on the selectivity and con-
centration of the agonist, and the receptor reserves for each
subtype.

To compare responses with individual subtypes, selective
agonists and antagonists were used to isolate responses to a
single subtype. The 8,-response was defined as the response to
100 nM NE, which was totally inhibited by CGP; the .-
response was defined as the response to 100 nM ZINT, which
was not inhibited by CGP. Although not necessarily maximal,
these responses can be used to monitor changing responses to
individual subtypes, allowing comparison to the more complex
responses to catecholamines.

Glucocorticoids are known to have prominent effects on ARs,
and have been shown to up-regulate 8;-ARs in many tissues
and cell lines. It is now known that glucocorticoids increase the
rate of B.-AR gene transcription (22, 23) through a glucocorti-
coid response element in the 5’ flanking region of the gene
(24). Glucocorticoids also have prominent effects on other AR
subtypes, reducing the density of 8,- (16, 17) and Ss- (19) ARs,
and increasing the expression of a;s-ARs (18). A glucocorticoid
response element has been identified in the 5’ flanking region
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of the human 8,-AR gene (34). In 3T3-L1 preadipocytes and
adipocytes, low concentrations of DEX increased expression of
B:-ARs but reduced expression of 8,-ARs, with a net 2- to 3-
fold increase in 8-AR density (16, 35). An inverse regulation of
mRNA levels for the two subtypes by DEX was also observed
(35). DEX-induced alterations in subtype ratio increased the
potency of ISO 6- to 10-fold in activating adenylate cyclase,
consistent with the increased total S-AR density, although
responses to individual subtypes were not monitored. Later
studies showed that 8;-ARs were also expressed in this cell line
after differentiation (19), and that this subtype was also down-
regulated by DEX treatment. Because of the prominent recip-
rocal effects of glucocorticoids on §,- and 8.-AR densities, we
used this approach to examine the importance of subtype ratio
on responses to catecholamines.

We found that DEX treatment of Cq cells dose- and time-
dependently increased the density of 8,-ARs, but that this was
associated with a close reciprocal decrease in the density of 8;-
ARs. Thus, little or no change in total receptor density occurred
after DEX treatment, despite the almost complete reversal in
subtype ratio. Treatment with DEX also increased 8,- and
slightly decreased §;,-mediated cAMP responses, but did not
alter the response to the non-subtype-selective agonist ISO.
There appeared to be a close link between decreases in 8,-ARs
and increases in §,-ARs in Cg cells. This link was not observed
in 3T3-L1 adipocytes where glucocorticoid-induced increases
in the proportion of §,-ARs were associated with a large in-
crease in total 8-AR density (16, 35). However, these cells are
differentiating from preadipocyte to adipocyte-like character,
which further complicates interpretation of the glucocorticoid-
induced AR regulation. The situation is simpler in Cq cells,
where no such differentiation is induced by DEX. The close
inverse regulation of 8,- and B.-ARs in Cg cells raises the
possibility that there may be reciprocal mechanisms controlling
the ratio of these subtypes, which may serve to control the
overall response to catecholamines.

Similar to other systems studied previously, DEX treatment
up-regulated 8;-AR mRNA levels, consistent with the increase
in receptor density. However, the mechanism involved in the
DEX-induced reduction in 8,-AR density remains to be defined.
This mechanism does not seem to involve changes in transcrip-
tion, because DEX caused substantial decreases in the density
of 8,-ARs without any observable changes in mRNA levels.
Although different processes appear to be involved in regulation
of these two closely related subtypes, the close reciprocal rela-
tionship observed during treatment with DEX argues for some
relationship between the two regulatory mechanisms.

Surprisingly, we found that DEX treatment did not alter
catecholamine responses in Cg cells. Despite the dominance of
the B;-subtype and the increased S;-responses observed after
DEX treatment, we found that the concentration-response
curves to catecholamines were not substantially altered com-
pared with control cells. There was no change in maximum
response to ISO, EPI, or NE despite the increased response to
the B;-selective agonist ZINT. There was also no change in the
relative or absolute potencies of the catecholamines in activat-
ing cyclic AMP accumulation. In particular, there was no
decrease in the potency of NE, despite the fact that 8.-ARs,
which numerically predominate after DEX treatment, have an
affinity for NE 20 times lower than do 8,-ARs. This may be a
result of the presence of differential receptor reserves for 8-

and B,-ARs in Cq cells. In control cells, some evidence indicates
that 8,-ARs (about 80% of the total) have a larger receptor
reserve than do 8;-ARs. If so, then decreases in 8,-AR density
after DEX treatment may decrease, but not eliminate, this
receptor reserve. In this case, B,-selective agonists like NE
could still maximally activate cAMP responses with a potency
not substantially lower than that in control cells. Similarly, the
increases in the $.-AR number after DEX-treatment may not
be large enough to allow increasing cAMP responses in the
presence of an efficiently-coupled 8;-AR population. Such an
explanation requires that §8,-ARs couple more efficiently to
adenylate cyclase activation than do 8;-ARs in Cq cells. It is
interesting, however, that when B8,- and 8:;-AR subtypes are
transfected into CHO cells at similar densities, 8.-ARs couple
more efficiently to G proteins and adenylate cyclase activation
than do 8,-ARs (36). If this were true in Cq cells, changes in
the receptor should affect 8,-responses more than 8,-responses,
which was not observed. Although further analysis is needed,
these data indicate that changes in ratios of closely related
subtypes will not necessarily predict catecholamine responsive-
ness.

The presence of 8;-ARs in Cq cells may complicate interpre-
tation of these experiments. Therefore, we performed func-
tional studies with S;-selective agonists. We found that a num-
ber of Bs-selective agonists (hydroxybenzylpindolol, pindolol,
BRL 37344, and CGP 12177) could increase cAMP in these
cells, although their responses were very small. For example,
CGP 12177 gave a maximal response only 5% of the maximal
ISO response, which was not increased after DEX pretreat-
ment. Also, these responses were totally blocked by the ,- and
B2- selective antagonist propranolol. Northern blot analysis
with rat 8;-AR cDNA (37) showed faint hybridization bands
after long exposure times which co-localized with those of either
B:- or B.-ARs (data not shown). Although we cannot conclude
that there are no 8;-ARs in C; cells, if they do exist they are a
very minor component of the total 8-AR population.

In summary, we found that 8,- and 8;-ARs co-existing in Cq
glioma cells both activate cAMP accumulation, although with
different efficiencies and receptor reserves. DEX treatment
caused a close reciprocal regulation of 8,- and 8,-ARs through
different mechanisms, dramatically changing the subtype ratio
without changing total receptor density. Alterations in subtype
ratio paralleled changing responses to individual receptor sub-
types, but did not alter responses to catecholamines. These
results indicate that closely related subtypes co-existing on the
same cell can contribute to the same biological response, and
that subtype ratios can be altered by hormone treatment.
However, the densities and ratios of closely related subtypes
are not related in a simple manner to cellular responsiveness.
The biological importance and therapeutic significance of such
changing subtype ratios remain to be determined.

References

1. Lefkowitz, R. J., and M. G. Caron. Adrenergic receptors: models for the study
of receptors coupled to guanine nucleotide regulatory proteins. J. Biol. Chem.
263:4993-4996 (1988).

2. Minneman, K. P. a,-Adrenergic receptor subtypes, inositol phosphates and
sources of cell calcium. Pharmacol. Rev. 40:87-119 (1988).

3. Lomasney, J. W., S. Cotecchia, W. Lorenz, W.-Y. Leung, D. A. Schwinn, T.
L. Yang-Feng, M. Brownstein, R. J. Lefkowitz, and M. G. Caron. Molecular
cloning and expression of the cDNA for the a,,-adrenergic receptor: the gene
for which is located on human chromosome 5. J. Biol. Chem. 266:6365-6369
(1991).

4. Harrison, J. K., W. R. Pearson, and K. R. Lynch. Molecular characterization
of a;- and as-adrenoceptors. Trends Pharmacol. Sci. 12:62-67 (1991).

910z ‘ST Jequueidas uo sfeulnor 134S YV e Blo'seulno fiadse wireydjow wiol) papgeojumod


http://molpharm.aspetjournals.org/

10.

11

12.

13.

14.

15.

16.

17.

. Lands, A. M., A. Arnold, J. P. McAuliff, F.

. Minneman, K. P., R. N. Pittmam, and P. B. Molinoff. -Adrenergic receptor

subtypes: properties, distribution and regulation. Annu. Rev. Neurosci. 4:419-
461 (1981).

. Emorine, L. J., S. Marullo, M.-M. Briend-Sutern, G. Patey, K. Tate, C.
characterization

Dolavner-Klutchko, and A. D. Strosberg. Molecular

human g;-adrenergic receptor. Science 245.1118—1 121 (1989).
P. Luduena, and T. G. Brown.
anfemnmuon of receptor systems nctnvuud by sympeathomimetic amines.
Nature 214:697-598 (1967).

of the

. Lands, A. M,, F. P. Luduena, and H. J. Buzzo. Differentiation of receptors

responsive to isoproterenol. Life Sci. 6:2241-2249 (1967).

. Summers, R. J., P. Molenaar, F. Russell, J. Natan, C. R. Jones, B. F. Buxton,

V. Chang, and J. Hambley. Coexistence and localization of §,- and §,-
adrenoceptors in the human heart. Eur. Heart J. 10(Suppl. B):11-21 (1989).
Furchgott, R. F., T. D. Wakade, R. A. Sorace, and J. S. Stollak. Occurrence
of both §,- and B,-receptors in guinea pig tracheal smooth muscle, and
variation of the $,:0; ratio in different animals. Fed. Proc. 34(Abstr.):794
(1976).

Homburger, V., M. Lucas, E. Rosenbaum, G. Vassent, and J. Bockaert.
Presence of both 8,- and Ss;-adrenergic receptors in a single cell type. Mol
Pharmacol. 20:463—469 (1981).

Durieu-Trautmann, O., N. Foignant, A. D. Strosberg, and P. O. Couraud.
Coexpression of §,- and S,-adrenergic receptors on bovine brain capillary
endothelial cells in culture. J. Neurochem. 58:775-781 (1991).

Langin, D., M. P. Portillo, J.-S. Saulnier-Blache, and M. Lafontan. Coexist-
ence of thm B-adrenergic receptor subtypes in white fat cells of various
mammalian species. Eur. J. Pharmacol. 199:291-301 (1991).

Atkinson, B. N., and K. P. Minneman. Multiple adrenergic receptor subtypes
controlling cyclic AMP formation: comparison of brain slices and primary
neuronal and glial cultures. J. Neurochem. 56:587-595 (1991).

Esbenshade, T. A., C. Han, T. L. Theroux, J. G. Granneman, and K. P.
Minneman. Coexisting §,- and atypical S-adrenergic receptors cause redun-
dant increases in cyclic AMP in human neuroblastoma cells. Mol. Pharmacol
42:753-759 (1992).

Lai, E, O. M. Rosen, and C. S. Rubin. Denmetbmnereguhmtheﬁ-
adrenergic receptor subtype expressed by 3T3-L1 preadipocytes and adipo-
cytes. J. Biol. Chem. 257:6691-6696 (1992).

Davies, A. O., and R. J. Lefkowitz. Regulation of 8-adrenergic receptors by
steroid hormones. Annu. Rev. Physiol 46:119-130 (1984).

18. Sakaue, M., and B. B. Hoffman. Glucocorticoids induce transcription and

19.

21.

expression of the a5 adrenergic receptor gene in DDT-1MF-2 smooth muscle
cells. J. Clin. Invest. 88:385-389 (1991).

Feve, B., B. Baude, S. Krief, A. D. Strosberg, J. Pairault, and L. J. Emorine.
Inhibition by dexamethasone of §,-adrenergic receptor responsiveness in
3T3-F442A adi Evidence for a transcriptional mechanism. J. Biol
Chem. 267:16909-15915 (1992).

. Lacasa, D., B. Agli, and Y. Giudicelli. Permissive action of glucocorticoids on

catecholamine-induced lipolysis: direct “in vitro” effects on the fat cell §-

adrenoceptor-coupled-adenylate cyclase system. Biochem. Biophys. Res. Com-

mun. 163:489-497 (1988).

Tlhhnhx. H., and H. lizuka. Regulation of B,-adrenergic receptors in
glueoeomoolds increase steady-state levels of moeptor mRNA

in foetal rat keratinizing epidermal cells (FRSK cells). Br. J. Dermatol.

124:341-347 (1991).

31

32

317.

. Malbon, C. C,, and J. R. Hadcock.

inverse reguiation of 5-AR subtypes 1093

. Collins, S., M. G. Caron, and R. J. Lefkowitz. §,-Adrenergic receptors in

hamster smooth muscle cells are transcriptionally regulated by glucocorti-
coids. J. Biol. Chem. 263:9067-9070 (1988).

. Hadcock, J. R., and C. C. Malbon. Regulation of S-adrenergic receptors by

“permissive” hormones: rticoids increase steady-state levels of recep-
tor mRNA. Proc. Natl. Acad. Sci. USA 85:8415-8419 (1988).

Evidence that glucocorticoid response
elements in the 5’-noncoding region of the hamster 8,-adrenergic receptor
gene are obligate for glucocorticoid regulation of receptor mRNA levels.
Biochem. Biophys. Res. Commun. 154:676-681 (1988).

. Neve, K. A., D. A. Barret, and P. B. Molinoff. Selective regulation of beta-1

and beta-2 adrenergic receptors by atypical agonists.
Ther. 235:657-664 (1985).

J. Pharmacol. Exp.

. Hough, C., and D.-M. Chuang. Differential down-regulation of §;- and 8,-

adrenergic receptor mRNA in Cq glioma cells. Biochem. Biophys. Res. Com-
mun. 170:46-52 (1990).

. Neve, K. A., and P. B. Molinoff. Turnover of §,- and ;-adrenergic receptors

after down-regulation or irreversible blockade. Mol. Pharmacol 80:104-111
(1986).

Shimizu, H.,, C. R. Creveiing, and J. Daly. A radioisotopic method for
measuring the formation of adenosine 3’, 5’-cyclic monophosphate in incu-
bated slices of brain. J. Neurochem. 16:1609-1616 (1969).

. Salomon, Y. C., C. Londos, and M. Rodbell. A highly sensitive adenylate

cyclase assay. Anal. Biochem. 58:541-548 (1974).

. Johnson R. D, and K. P. Minneman. Characterization of «,-adrenergic

receptors which increase cyclic AMP accumulation in rat cerebral cortex.
Eur. J. Pharmacol. 129:293-305 (1986).

Esbenshade, T. A., R. K. Bandlish, D. M. Hastings III, and K. P. Minneman.
Comparative desensitization of §,- and S,-adrenergic receptors coexisting in
human SK-N-MC neuroblastoma cells. Submitted for publication.

Frielle, T., S. Collins, K. W. Daniel, M. G. Caron, R. J. Lefkowitz, and B. K.
Kobilka. Cloning of the cDNA for the human §,-adrenergic receptor. Proc.
Natl Acad. Sci. USA 84:7920-7924 (1988).

. Kobilka, B. K., R. A. F. Dixon, T. Frielle, F. G. Dohlman, M. A. Bolanowske,

1. S. Sigal, T. L. Yang-Feng, U. Francke, M. G. Caron, and R. J. Lefkowitz.
cDNA for the human S;-adrenergic receptor: a protein with multiple mem-
brane spanning domains and a chromosomal location shared with the PDGF
receptor gene. Proc. Natl Acad. Sci. USA 84:46-50 (1987).

. Collins, S., J. Ostrowski, and R. J. Lefkowitz. Cloning and sequence analysis

of the human S,-adrenergic receptor 5’-flanking promoter region. Biochim.
Biophys. Acta 1172:171-174 (1993).

. Guest, S. J., J. R. Hadcock, D. C. Watkins, and C. C. Malbon. §,- and §;-

Adrenergic receptor expression in differentiating 3T3-L1 cells: independent
regulation at the level of mRNA. J. Biol. Chem. 265:5370-5375 (1990).

. Green, S. A., B. D. Holt, and S. B. Liggett. ;- and ;-

Adrenergic receptors
display subtype-selective coupling to Gs. Mol. Pharmacol. 41:889-893 (1992).
Granneman, J. G., K. N. Lahners, and A. Chaudhry. Molecular cloning and
expression of the rat §;-adrenergic receptor. Mol Pharmacol. 40:895-899
(1991).

Send reprint requests to: Kenneth P. Minneman, Emo:

ry University Medical

School, Dept. of Pharmacology, Room 5018, Rollins Bmldmg 1610 Clifton Rd.,
Atlanta, GA 30322.

910z ‘ST Jequueidas uo sfeulnor 134S YV e Blo'seulno fiadse wireydjow wiol) papgeojumod


http://molpharm.aspetjournals.org/



