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The rat glial tumor cell line RGC6 is 
highly responsive to /-adrenergic agon- 
ists, which elicit a transient rise in the 
intracellular concentration of adenosine 
3',5'-monophosphate (cyclic AMP) (1). 
After the peak cyclic AMP concentra- 
tion is obtained, the readdition of hor- 
mones does not lead to greater accumu- 
lation of intracellular cyclic AMP (2). 
The accumulation of an inhibitory sub- 
stance in the medium has been ruled 
out, since the medium when added to 
untreated cultures elicits the same re- 
sponse as fresh medium containing nor- 
epinephrine (NE). Similar observations 
have been reported for human astro- 
cytoma cells (3) and human fibroblasts 
(4). We have shown (5) that the cate- 
cholamine-mediated induction of lactic 
dehydrogenase (E.C. 1.1.1.27) in RGC6 
cells is mediated by cyclic AMP and is 
blocked by certain inhibitors of RNA 
and protein synthesis. During these stud- 
ies we observed that in the presence of 
actinomycin D (AD) and acetoxycyclo- 
heximide (CH), the cells maintained 
nearly peak levels of cyclic AMP for 
up to 12 hours. We now report that 
RNA and protein synthesis appear to 
be involved in the refractoriness of the 
cells to catecholamines once the initial 
peak of cyclic AMP is obtained (6). 
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The 2B subclone of RGC6 cells was 
derived from RGC6 cells obtained from 
G. Sato's laboratory and was used be- 
tween passages 4 and 26. No differences 
in cyclic AMP accumulation elicited by 
catecholamines were observed between 
high-passage cells and frozen stocks of 
cells at passages 4 to 6. The 2B clone is 
diploid and free of mycoplasma (7). 
The RGC6 cells were obtained from 
the American Type Culture Collection. 
Cells were grown at 37?C for 10 days 
to a monolayer of stationary cells in 
T-30 Falcon plastic flasks in Ham's 
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Fig. 1. (A) Effect of CH 
(5 itg/ml) on intracellular 
cyclic AMP in cells treated 
simultaneously with NE (3 
AM). Each bar represents 
the mean and standard 
error of the mean for four 
cultures. (B) Intracellular 
cyclic AMP in refractory 
cells treated with NE (3 
,uM) or CH (5 Ag/ml) for 
1 hour. The combination of 
NE and CH relieved the 
refractory condition of the 
cells. Control cell cyclic 
AMP was 11 - 1 pmole per 
milligram of protein. The 
NE was L-norepinephrine 
bitartrate. 
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F-10 medium (Gibco) supplemented 
with 10 percent virus-free fetal calf 
serum (Reheis, Armour) without anti- 
biotics. At the time of the experiments, 
cultures were provided with serum-free 
fresh medium containing appropriate 
hormones or drugs and kept at 37?C. 
Cell number and total protein remained 
unchanged during the experiments. The 
incubation was terminated by decanting 
the medium, the cells were immediately 
rinsed with 5 ml of 0.9 percent saline 
at 4?C, and 5 percent trichloroacetic 
acid at 4?C was added. The cells were 
scraped off the flask with a rubber po- 
liceman, and denatured proteins were 
removed by centrifugation. Cyclic AMP 
was purified by column chromatography 
and assayed either by high pressure liq- 
uid chromatography (8) or by the bind- 
ing assay (9) as modified (10). Identi- 
cal results were obtained by either 
method. Protein was measured by the 
method of Lowry et al. (11). 

Figure 1A shows the effect of 3 p/M 
NE, alone and in the presence of CH 
(5 ,g/ml), on cell cyclic AMP con- 
centrations in the 2B subclone at 
1 and 6 hours. Cyclic AMP concen- 
tration was high 1 hour after NE ad- 
dition, and was reduced almost to the 
control value by 6 hours. Cyclic AMP 
concentration reached a peak 20 to 30 
minutes after addition of NE and was 
70 percent of the peak value at 1 hour. 
Addition of CH, an inhibitor of protein 
synthesis, along with NE had no signifi- 
cant effect on cell cyclic AMP concen- 
trations at 1 hour but had a dramatic 
effect at 6 hours. The presence of CH 
markedly reduced the decline in cyclic 
AMP normally observed in the presence 
of NE alone. Inclusion of AD (1 /[g/ 
ml) gave results identical to those for 
CH (data not shown). Under these con- 
ditions, CH inhibited 97 percent of pro- 
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Reversal of Catecholamine Refractoriness by Inhibitors 
of RNA and Protein Synthesis 

Abstract. The generation of adenosine 3',5'-monophosphate (cyclic AMP) in 
response to catecholamines in the 2B subclone of RGC6 rat glioma cells previ- 
ously exposed to norepinephrine and refractory to further norepinephrine addi- 
tion is substantially increased by addition of inhibitors of RNA and protein 
synthesis. The time course of the effect of these inhibitors on cyclic AMP con- 
centration suggests that rapid protein synthesis and turnover are involved in cate- 
cholamine refractoriness. Norepinephrine induction of cyclic nucleotide phos.. 
phodiesterase is demonstrable in RGC6 cells but not in the 2B subclone. Thus, cate- 
cholamine refractoriness cannot be attributed to induction of phosphodiesterase. 
This implies that induction of a protein or proteins, important in catecholamine 
refractoriness, affects the synthesis rather than the degradation of cyclic AMP. 
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Table 1. Phosphodiesterase activity in RGC6 and RGC6-2B cell homogenates after the cells 
had been treated with NE. Norepinephrine (3 ,tM) and CH (5 jug/ml) were added in 
serum-free fresh media to cells (T250 Falcon plastic flasks) as indicated. After 6 hours 
the medium was poured off and the cells 
were rinsed with saline at 4?C. Cells were 
scraped off in 40 mM tris(hydroxymethyl)- Cyclic AMP hydro- 
aminomethane hydrochloride, pH 8.0, contain- lyzed (picomoles 
ing 10.9 percent sucrose and 3.75 mM mer- Treatment per milligram 
captoethanol. The cells were homogenized per minute) 
in a Teflon-glass homogenizer for sevenTATA 
strokes at 1100 rev/min. Phosphodiesterase __A + 
was assayed according to the method of RGC6 
Thompson and Appleman (14). The assay ontrol 24 19.7 0.5 
was performed at 30?C in the presence of 1 1X 0-4MNE 36.8 ? 19 33.6 1.5 
AM cyclic AMP, 5 mM MgCl,, 40mM tris- x 104MNE 26.8 1.6 22.6 - 0.3 
HCI (pH 8.0), and 3.75 mM mercaptoethanol; + 2 6 
EGTA (3 mM) was present where indicated. (5 fg/ml) 
Each value is the mean + standard error of RGC6 2B clone 
the mean for three obtained by pooling two Control 67.4 ? 0.4 51.0 + 1.7 
cultures. Both lines were at same cell density 3 X 10-'M NE 63.1 0.4 52.0 + 1.1 
(10-day confluent stationary phase cultures, 3 X 10-WM NE +- 71.7 + 0.2 48.3 - 1.0 
approximately 107 cells per 75 cm2). The CH (5 tg/ml) 
RGC6 cells were from the American Type I X 10-4M NE 59.1 ? 4.5 
Culture Collection. 

tein synthesis, and AD inhibited 95 per- 
cent of RNA synthesis but did not in- 
hibit total protein synthesis (5, 7). These 
results suggest that de novo synthesis of 
RNA and protein occurs rapidly after 

application of NE to the cells and that 
this protein synthesis is important in the 

regulation of cell cyclic AMP concen- 
trations. 

The addition of CH at the time of 
NE readdition dramatically restored the 

capacity of the cells to accumulate cy- 
clic AMP. Cells from the 2B subclone 
were initially exposed to 3 ,uM NE for 
4 hours, by which time the cells were 

refractory to subsequent NE addition. 
Fresh medium containing NE, CH, or 

both, was added, and cyclic AMP was 
measured 1 hour later (Fig. 1B). One 
hour after addition of NE alone, cyclic 
AMP content had increased only to the 

refractory level (300 pmole per milli- 

gram of protein), that is, the level ob- 
served before the cells were washed. 
When used alone, CH had no effect on 

cyclic AMP content. However, when 
CH and NE were added together, high 
levels of cyclic AMP were found 1 hour 
later. This experiment demonstrates that 
blockade of protein synthesis allowed 

refractory cells to respond to NE. 
We investigated the effect of CH and 

AD added to cultures at various times 
after administration of NE (Fig. 2). 
Cell cyclic AMP levels were measured 
6 hours after addition of NE. The max- 
imal response was defined as the con- 
centration of cyclic AMP at 6 hours 
when the inhibitor was added together 
with NE at zero time. When AD was 
added at 1 hour, the protective effect 
was reduced by 50 percent, a result in- 

dicating that newly made RNA is in- 
volved in the synthesis of proteins that 
render the cell refractory to NE and 
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that this RNA is made soon after NE 
addition. In contrast, when CH was 
added at 3 hours, its protective effect 
was almost maximal, and its effect at 5 
hours was 50 percent of maximal. Since 
refractoriness is fully established by 3 
hours after initial NE treatment, this 
result and the results of Fig. 1B can 

only be interpreted to mean that the 

protein that is involved in refractoriness 
is turning over very fast, certainly with 
a half-time less than 1 hour. 

We have tried to identify the nature 
of the protein whose synthesis is in- 
duced by NE and is important in regu- 
lating the cyclic AMP concentration in 
this clone. The cells could become re- 
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Fig. 2. Effects of time of addition of AD 
and CH on cyclic AMP concentrations at 
6 hours in NE-treated cells. All cultures 
received serum-free fresh medium con- 
taining 3 uM NE and either CH (5 
pg/ml) or AD (1 ulg/ml). The abscissa 
represents the time of addition of these 
compounds after NE was added. The 
maximal response is the concentration of 
cyclic AMP at 6 hours when the inhibitor 
(AD or CH) was added at zero time 
(with NE). Each point represents the 
mean of four cultures; the largest standard 
error of one mean was - 7 percent. 

fractory due to reduced cyclic AMP 
production or increased cyclic AMP 
destruction. Other possibilities include 
induction of enzymes that accelerate the 
destruction of the catecholamine or ex- 
trusion of an inhibitory substance into 
the medium. However, the latter two 
possibilities can be ruled out since me- 
dium taken from refractory cells elicits 
the same response in untreated cells as 
does fresh medium containing NE. 

Extensive unpublished studies in our 
laboratories also suggest that the pro- 
tein whose synthesis is induced by NE 
and blocked by CH or AD is not cyclic 
nucleotide phosphodiesterase (12). This 
enzyme exists in two kinetic forms (13). 
Extensive kinetic, chromatographic, and 
density gradient centrifugation studies 
(14-16) have failed to indicate induc- 
tion of any specific molecular form of 

phosphodiesterase in cells of the 2B sub- 
clone treated with NE. Table I shows 
that phosphodiesterase, measured by the 
method of Thompson and Appleman 
(14) in the presence or absence of 
ethylene glycol bis(aminoethyl ether) 
tetraacetic acid (EGTA), is induced in 
the RGC6 cells after addition of NE 
but is not induced in the 2B subclone. 
Cyclic nucleotide phosphodiesterase is 
induced in other cell lines including 
RGC6 (17) and has been suggested to 
be a molecular factor in catecholamine 
refractoriness. 

Our results suggest that in the 2B 
subclone, synthesis of a protein or pro- 
teins is important in catecholamine re- 
fractoriness. This protein is rapidly syn- 
thesized after addition of NE and acts 
in some way to reduce the synthetic 
rate of cyclic AMP since phosphodies- 
terase activity is unaltered. 

Such a mechanism also is suggsted by 
the work of Su and Perkins (3), who 
reported evidence for a decreased rate 
of cyclic AMP formation in human as- 

trocytoma cells after treatment with 
NE, and by that of Franklin and Foster 
(4), who showed that refractoriness to 
catecholamines in human lung fibro- 
blasts did not prevent the cells from re- 

sponding normally to prostaglandin E1. 
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Interaction of ft-adrenergic agonists 
with specific receptors accounts for a 
variety of biological phenomena in di- 
verse tissues; and in each, adenylate 
cyclase is activated with consequent 
generation of adenosine 3',5'-monophos- 
phate (cyclic AMP), which in turn 
produces the ultimate physiological re- 
sponse (1). The generality of this se- 
quence has prompted many investiga- 
tors to analyze directly for the receptor. 
These several studies (2, 3) to date 
have depended on determining binding 
of ligands of low specific activity (tri- 
tiated catecholamines, 2 to 15 c/mmole) 
and have detected a site that recognizes 
primarily the catechol function of the 
molecule. This site does not distinguish 
between active or inactive stereoisomers 
of the agonist (2, 3). Conversely, the 
typical /-adrenergic blocking agents (ft- 
blockers) show low affinity for the 
catechol-specific site but high affinity 
as inhibitors of adenylate cyclase and 
biological activity (2, 3). The ft-block- 
ers are ethanolamine analogs, not cate- 
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chol analogs, and show the same re- 
quired stereoconfiguration as do the 
catecholamines for biological activity. 
Thus it appeared (3) that receptor rec- 
ognition of the stereospecific ethanola- 
mine function was common to both the 
,f-agonists and ft-blockers. We now re- 
port identification of such a stereospe- 
cific site by determining binding of an 
iodine-labeled ft-blocker to a high af- 
finity site on turkey erythrocyte mem- 
branes. The apparent affinities of either 
,f-adrenergic agonists or blockers for 
this site parallel biological effectiveness 
of the compounds as activators or in- 
hibitors of catecholamine-responsive 
adenylate cyclase in the turkey eryth- 
rocyte membrane. 

Hydroxybenzylpindolol (HYP) (4) 
was iodinated by a modification (5) of 
the Hunter-Greenwood technique (6) 
and purified by extraction (equal 
volumes in upper and lower phases) 
into ethyl acetate from a mixture of 
0.02M potassium iodide and I M acetic 
acid. Specific activity of the labeled com- 
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pound in the ethyl acetate phase was in 
the range of 200 to 300 c/mmole. The 
preparation and storage of turkey eryth- 
rocyte membranes were as described 
earlier (3). Binding of 121I-labeled HYP 
was determined by sedimenting the 
membranes in microcentrifuge tubes 
(7). The amount of 12"I-labeled HYP 
bound to membranes was more than 
ten times that in the blank (that is, the 
radioactivity trapped in the centrifuge 
tube in the absence of added mem- 
branes). Adenylate cyclase was assayed 
(Fig. 1, legend) according to Salomon 
et al. (8). 

The iodine-labeled inhibitor bound 
rapidly to erythrocyte membranes. 
Binding was maximal within 8 minutes 
at 25?C, and within 4 minutes at 37?C. 
The biological significance and specific- 
ity of binding were determined with 
catecholamines, analogs, and inhibitors 
by comparing apparent affinities for the 
receptor with potency as inhibitors of 
isoproterenol-stimulated adenylate cy- 
clase. These studies were carried out in 
parallel under virtually identical condi- 
tions of incubation (see Fig. 1). The 
compounds recognized as ft-blockers 
were effective as inhibitors of isopro- 
terenol-stimulated adenylate cyclase and 
showed an order of apparent affinity for 
the binding site on the membranes vir- 
tually identical to the order of potencies 
as inhibitors of isoproterenol-stimulated 
adenylate cyclase (Fig. 1). The dl- 
HYP is more potent than l-(-)-propran- 
olol in adenylate cyclase inhibition as 
well as in inhibition of binding of 125I- 
labeled HYP (9). Inhibition of binding 
and inhibition of adenylate cyclase 
were both dependent on stereochemical 
configuration; l-(-) analogs were great- 
er than 100 times more effective than 
d-(+) analogs. The following com- 
pounds tested at 10-4M did not inhibit 
iodine-labeled HYP binding: dihydroxy- 
phenylglycol, dihydroxymandelic acid, 
and octopamine. Dopamine, metaneph- 
rine, and phentolamine (all at 10-4M) 
inhibited binding by 7, 13, and 17 per- 
cent, respectively. All ft-blockers that 
were effective as inhibitors of isopro- 
terenol-stimulated adenylate cyclase ac- 
tivity as well as inhibitors of specific 
binding of the iodinated ft-blocker were 
derivatives of ethanolamine. Converse- 
ly, nonagonist catechols-for example, 
dihydroxyphenylglycol or dihydroxy- 
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with a catechol-specific site on the mem- 
brane (3) were ineffective as inhibitors 
of iodine-labeled HYP binding. On the 
other hand, biologically effective cate- 
cholamines 1-(-)-isoproterenol or l-(-)- 
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/?-Adrenergic Receptor: Stereospecific Interaction of Iodinated 

fl-Blocking Agent with High Affinity Site 

Abstract. An iodine-labeled ft-adrenergic inhibitor (12l5-hydroxybenzylpindolol) 
binds specifically to a site on turkey erythrocyte membranes. A series of f-adre- 
nergic agonists and inhibitors compete for this binding site, with apparent affinities 
paralleling biological effectiveness as activators or inhibitors of catecholamine- 
stimulated adenylate cyclase. The activity of d-(+) agonists or inhibitors was 1 
percent (or less) than that of the corresponding 1-(-) isomers in competing for 
binding of the iodinated blocker as well as in affecting catecholamine-stimulated 
adenylate cyclase. 1-(-)-Norepinephrine was about one-tenth as active as 1-(-)- 
isoproterenol in competing for the f-blocking agent site. The stereospecificity 
of the interaction with the iodinated P-blocking agent and the correspondence 
between affinity for site and biological potency of analogs suggested that this inter- 
action is involved in function of the ft-adrenergic receptor. 
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