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Abstract—The effects on the p-adrenergic receptors of intact L6 muscle cells of exposure to agonists
were investigated. Treatment of cells with isoproterenol decreased GTP-, isoproterenol-, and zinterol-
stimulated adenylate cyclase activities, whereas exposure of cells to zinterol decreased only isoproterenol-
and zinterol-stimulated activities. Although the effects of these two full agonists on GTP-stimulated
adenylate cyclase activity were different, the time courses for development and reversal of the effects
were similar. The decrease in agonist-stimulated adenylate cyclase activity observed in membranes
prepared from cells previously exposed to isoproterenol or zinterol was due to both an increase in the
concentration of agonist required for half-maximal activation and a decrease in the maximum level of
activation. No effects on fluoride- or manganese-stimulated activities were observed following exposure
of cells to either agonist. Decreases in GTP-stimulated adenylate cyclase activity were also observed
following exposure of cells to epinephrine, Cc-25, fenoterol, norepinephrine, terbutaline, or meta-
proterenol, but not following incubation of cells with dobutamine or salmefamol. The results suggest
that full agonists interacting with the same receptor can induce different changes in the components of
the adenylate cyclase system. Desensitization following exposure to zinterol may result from modification
of the receptor, whereas that following exposure to isoproterenol may be due to alterations in both the
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guanine nucleotide-binding protein and the receptor.

Exposure of cells to various hormones or drugs
results in activation of adenylate cyclase. Following
an initial increase in enzyme activity, continued
exposure to an agonist results in desensitization
characterized by a functional uncoupling of the
receptor and a decrease in agonist-stimulated adenyl-
ate cyclase activity [1-7]. The decrease in adenylate
cyclase activity occurring after brief periods of
exposure to an agonist is not associated with a
decrease in the density of receptors and occurs with
a half-time of less than 5min 1,2, 4, 8].

The mechanisms responsible for the observed
functional uncoupling of receptors and adenylate
cyclase are being investigated currently in several
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|| Abbreviations: CYC~, cells with a functional deficiency
in the guanine nucleotide-binding protein that serves to link
receptor occupancy with activation of adenylate cyclase;
PGE,, prostaglandin E,; Hepes, 4-(2-hydroxyethyl)-1-
piperazine-ethanesulfonic acid; EGTA, ethylene glycol
bis(B-aminoethyl ether)-N,N,N' ,N'-tetraacetic acid; ['*]
IHYP, [**I]iodohydroxybenzylpindolol: and Gpp(NH)p,
5'-guanylyl imidodiphosphate.

laboratories. Exposure of 1321N1 astrocytoma cells
to agonists causes alterations in the sedimentation
properties of B-adrenergic receptors such that recep-
tors appear to segregate in the membrane away from
the guanine nucleotide-binding protein [9]. Studies
with NRK-S cells [7] and the CYC"! variant of S49
cells [8, 10] suggest that a modification of the recep-
tor occurs as a consequence of exposing cells to an
agonist. Finally, in pigeon erythrocytes, the
exchange reaction of guanine nucleotides is altered
as a consequence of exposure to an agomist [11].
These mechanisms of uncoupling are not necessarily
mutually exclusive and may occur simultaneously.
In WI-38 fibroblasts, different forms of uncoupling
appear to occur following exposure of cells in epi-
nephrine and PGE, [4]. Therefore, different recep-
tors can become uncoupled from adenylate cyclase
by different mechanisms.

Previous work indicated that not all full agonists
interact in the same way with S-adrenergic receptors
on intact cells. For example, isoproterenol rapidly
converts receptors to a form which has a low affinity
for agonists, whereas zinterol does not convert recep-
tors on intact cells to a low-affinity form [12]. This
finding suggested that components of the receptor/
adenylate cyclase system may be differentially
modified following interaction with different
agonists. In an attempt to gain a better understanding
of possible mechanisms responsible for this low-
affinity form of the receptor, and to determine if
similar differences occurred during the uncoupling
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of fFadrenergic receptors from adenylate cyclase,
the present experiments were carried out.

EXPERIMENTAL PROCEDURES

Materials. GTP was purchased from Boehringer
Mannheim (Indianapolis, IN}. The following drugs
were obtained as gifts: l-propranolol (Ayerst Lab-
oratories, New York, NY),; zinterol (Mead John-
son & Co., Evansville, IN); phentolamine and ter-
butaline (Ciba-Geigy Corp., Summit, NJ};
salmefamol (Allen & Hanburys, Ware, U.K.); fen-
oterol and metaproterenol {Boehringer Ingetheim,
Ltd., Elmsford, NY); hydroxybenzylpindolo! (San-
doz Pharmaceuticals, Hanover, NJ); dobutamine
(Eli Lilly & Co., Indianapolis, IN); and C¢-25 (N V.,
Phillips Duphar, Weesp, Holland). All other drugs
and reagents used were commercially available and
were of reagent grade.

Cell culture. A nonfusing variant of the L6 muscle
line originally developed by Yaffe [13] was used for
these studies. Cells were grown in monolayer culture
in Dulbecco’s modification of Eagle’s medium (Flow
Laboratories) with 10% fetal calf serum (Sterile Sys-
tems, Inc.) and 50 pg/ml gentamycin in an atmos-
phere of 10% CO; and 90% air at 37°. Cells were
plated at 15,000-20,000 cells/cm?, fed on day 2, and
either subcaltured on day 3 using 0.1% trypsin in
phosphate-buffered saline or harvested on days 5-6.

Incubation procedure and membrane preparation.
Drugs were added to cultures of cells in the presence
of normal growth mediom. Incubations were per-
formed at 37° in an incubator containing 10% CO,.
Cells in monolayer culture rinsed three times with
ice-cold 1 mM sodium Hepes (pH 7.5) were osmoti-
cally disrupted in 10ml of ice-cold 1 mM sodium
Hepes by incubation at 4° for 15 min. Osmotically
shocked cells were removed from culture dishes by
scraping with a rubber policeman, and the lysate was
centrifuged at 20,000g for 10min. Three cen-
trifugations {20,000 g} and washes (I mM sodium
Hepes) were performed on membrane pellets. The
second wash in some experiments contained 50 uM
GTP to remove persistently bound agonist [14]. The
final pellet was resuspended in 1 mM sodium Hepes
and used in assays of f-adrenergic receptors or of
adenylate cyclase activity.

Assay of adenylate cyclase activity. Adenylate
cyclase activity was determined according to modi-
fications [15] of the method of Salomon et al. [16].
Reactions were carried out in a final volume of 110~
150 1l containing 50 mM sodium Hepes (pH7.5),
0.5mM EGTA, 1.5mM MgCly, 1 mM 1-methyl-3-
isobutylxanthine, 10mM creatine phosphate,
0.1 mg/ml creatine kinase, 0.25mM ATP, 1-
3 % 10°cpm [a-“PJATP, and various drugs. GTP
(30 uM), fluoride (10 mM), or manganese (10 mM)
was included in some assays. Basal adenylate cyclase
activity was measured in the presence of 30 uM GTP.
Reactions were initiated by the addition of 50 i of
tissue {30 pg protein) and were carried out for 8 min
at 37°.

GTP-stimulated adenylate cyclase activity was
subtracted from agonist-stimulated activity when
determining relative effects of agonists on adenylate
cyclase activity and T values for rates of change in

R. N. Pirrman, R, AL RaBiv and P. B. Moumorr

enzyme activity. GTP-stimulated activity (basal) was
not subtracted from the data shown in the figures.

Assay of B-adrenergic receptors. ['*1]lodohydroxy-
benzylpindolo! (['*IJIHYP) was prepared [17, 18]
and binding assays were performed as previously
described [19].

Protein determination. Protein concentration was
determined by the method of Bradford [20] using
bovine serum albumin (Fraction V) as a standard.

RESULTS

Time course of changes in adenylate cyclase activity
following short-term  exposure to isoproterenol.
Adenylate cyclase activity was measured in mem-
branes prepared from cells exposed to 2.5 uM iso-
proterenol for various periods of time (Fig. 1).
Manganese (Mn®*} stimulation of adenylate cyclase
activity was not affected by preincubation of cells
with isoproterenoi. Similarly, no significant change
in fluoride-stimulated adenylate cyclase activity
occurred as a result of exposure of cells to iso-
proterenol. A decrease in isoproterenol-stimulated
activity was observed, with the maximum effect
occurring after a 20-min exposure of intact cells to
isoproterenol. A 69% decrease in GTP-stimulated
adenylate cyclase activity was observed in studies
with membranes prepared from cells exposed to
isoproterenol. The half-time for the reduction in
GTP-stimulated activity was less than 1 min, whereas
the half-time for the decrease in isoproterenol-stimu-
lated activity was about 5-6 min.

Stimulation of adenylate cyclase activity by zin-
terol in membranes prepared from cells exposed to
isoproterenol decreased rapidly with a Ty, of about
2 min. In control tissues (zero time point), the intrin-
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Fig. 1. Effect on adenylate cyclase activity of incubating
cells with isoproterenol. Cells were exposed to isopro-
terenol (2.5 uM) for the indicated periods of time before
membranes were prepared as described in Experimental
Procedures. Adenylate cyclase activity was measured in the
absence or presence of maximally effective concentrations
of isoproterencl (50uM), zinterol (5uM), fluoride
{10 mM), or manganese (10 mM). GTP (30 uM) was added
1o all reactions except those containing fluoride and manga-
nese. Zero time refers to data for control cells not exposed
to isoproterenol. Duplicate determinations were
performed, and the data represent the mean = S.E.M. of
results obtained in five experiments. Results are expressed
as a percentage of manganese-stimulated adenylate cyclase
activity in control tissue.
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Fig. 2. Effect on adenylate cyclase activity of incubating
cells with zinterol. Cells were exposed to zinterol (0.25 uM)
for the indicated periods of time before preparation of
membranes. Assays were performed and results are pre-
sented as described in Fig. 1. Zero time refers to data for
control cells not exposed to zinterol. Duplicate deter-
minations were performed, and the data represent the
mean *+ S.E.M. of results obtained in five experiments.

sic activity of zinterol was 0.94 compared to iso-
proterenol. After incubating cells with isoproterenol
for 20 min, the intrinsic activity of zinterol was
reduced to 0.40 relative to that for isoproterenol.
Both zinterol and isoproterenol appeared to stimu-
late adenylate cyclase activity only by interacting
with pB-adrenergic receptors since propranolol
(0.3 uM) was able to inhibit the activity stimulated
by either agonist (data not shown).

Time course of changes in adenylate cyclase activity
following short-term exposure to zinterol. As
observed with membranes prepared from cells
exposed to isoproterenol, there was essentially no
change in either Mn?*-stimulated adenylate cyclase
activity or fluoride-stimulated activity following
exposure of cells to 0.25 uM zinterol for up to 20 min
(Fig. 2). In contrast to the results observed following
exposure of cells to isoproterenol, there was no
change in basal activity following exposure to
zinterol. In membranes prepared from cells exposed
to zinterol, the half-time for the loss of isoproterenol-
stimulated activity (a 10% loss) was about 10 min and
the half-time for loss of zinterol-stimulated activity (a
40% loss) was approximately 3 min (Fig. 2).

Zinterol-stimulated adenylate cyclase activity
decreased at a faster rate and to a greater extent than
did isoproterenol-stimulated activity in membranes
prepared from cells exposed to either isoproterenol
or zinterol (Figs. 1 and 2). Maximal isoproterenol-
stimulated adenylate cyclase activity (basal activity
subtracted) was decreased more following exposure
of cells to isoproterenol for 20 min than following
exposure of cells to zinterol (77.5 = 1.2% of control
vs.90.2 = 0.7%). Pretreatment of L6 cells for 20 min
with a combination of isoproterenol (2.5 uM) and
zinterol (0.25 uM) elicited results similar to those
observed with isoproterenol alone (data not shown).

Time course for reversal of desensitization. The
decrease in adenylate cyclase activity observed fol-
lowing exposure of cells to either isoproterenol or
zinterol was readily reversible following removal of
drug and continued incubation of cells in drug-free
medium (Fig. 3). Basal activity returned to control
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Fig. 3. Time course of the effect of exposure of cells to
isoproterenol and zinterol on adenylate cyclase activity and
recovery of activity following removal of drugs. Cells were
exposed to isoproterenol (2.5 uM) or zinterol (0.25 uM)
for the indicated periods of time before membranes were
prepared. Adenylate cyclase activity was measured in the
presence of 30 uM GTP (basal) or 30 uM GTP and 50 uM
isoproterenol (isoproterenol-stimulated). In some experi-
ments, drugs were removed after 20 min by washing three
times with fresh medium (W). Cultures were then returned
to the incubator. Cells were harvested at various times
following this procedure (open symbols). Assays were per-
formed as described in Experimental Procedures and in
Fig. 1. Zero time refers to data for cells not exposed to an
agonist. The open diamonds at zero time are the values for
basal activity in membranes prepared from control cells in
the absence of added GTP. Triplicate determinations were
performed. The data are representative of three similar
experiments.

values rapidly following removal of isoproterenol
and was complete within 2min (Fig. 3, left). Iso-
proterenol-stimulated activity returned to control
values with Ty, values of about 7 and 10 min for
cells previously exposed to zinterol and isoproterenol
respectively.

Dose-response relationship for isoproterenol-
stimulated adenylate cyclase activity in control and
desensitized membranes. The decrease in adenylate
cyclase activity in membranes prepared from cells
exposed to either isoproterenol or zinterol was
characterized by a decrease in the maximal response
(Fig. 4). Maximal isoproterenol-stimulated adenyl-
ate cyclase activity was decreased by 10 and 23%
following exposure to zinterol and isoproterenol
respectively (basal activity subtracted). A 5-fold
decrease in the potency of isoproterenol for stimu-
lation of adenylate cyclase activity was also observed
in membranes prepared from cells exposed to iso-
proterenol (2.5 uM) or zinterol (0.25 uM) for 20 min
(Fig. 4). The potency of zinterol was decreased by
2-fold following exposure of cells to either iso-
proterenol or zinterol (data not shown).

Gpp(NH)p activation of adenylate cyclase. The
decrease in GTP-stimulated adenylate cyclase
activity after desensitization with isoproterenol was
investigated further by characterizing the temporal
response to Gpp(NH)p (Table 1). Pretreatment of
L6 cells with zinterol had no effect on the rate of
activation or on the steady-state level of enzyme
activity. Similarly, pretreatment with isoproterenol
did not alter steady-state adenylate cyclase activity,
but the apparent rate of activation was reduced by
50%.
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Fig. 4. Dose~response relationship for isoproterenol-stimu-
lated adenylate cyclase activity. Cells were incubated with
isoproterenol (2.5 uM) or zinterol (0.25 uM) for 20 min
before membranes were prepared. Adenylate cyclase
activity was determined in the presence of 30 uM GTP and
various concentrations of isoproterenol. Duplicate deter-
minations were performed. The data are representative of
four similar experiments. Arrows indicate the concen-
tration of drug which resulted in half-maximal activation
of adenylate cyclase (Kac).

Effect of desensitization by agonists on basal
adenylate cyclase activity. Exposure of cells to zin-
terol had little or no effect on GTP-stimulated
adenylate cyclase activity in membranes, whereas
exposure to isoproterenol resulted in a marked
decrease in GTP-stimulated activity. To determine
whether this effect was uniquely associated with
either drug, cells were exposed for 20 min to eight
other agonists (Table 2). Dobutamine had an intrin-
sic activity of 0.60, and all other drugs were full
agonists (intrinsic activity greater than 0.90).
Exposure of cells to zinterol, salmefamol, or dobu-
tamine was not associated with decreases in GTP-
stimulated activity, whereas exposure of cells to the
other agonists resuited in a 50-75% decrease in GTP-
stimulated activity measured in membrane
preparations.

Effect of desensitization on binding of isopro-
terenol. The ability of isoproterenol to inhibit the
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Table 2. Effect of desensitization by agonists on GTP-
stimulated adenylate cyclase activity*

GTP-stimulated adenylate

Conc cyclase activity
Drug (uM) (% control)
Control 100
Salmefamot 2.5 105
Zinterol 0.25 99
Dobutamine 100.0 94
Ce-25 1.0 47
Terbutaline 100.0 39
Norepinephrine 100.0 38
Fenoterol 5.0 37
Metaproterenol 100.0 35
Isoproterenol 2.5 27
Epinephrine 5.0 25

* Cells were incubated with the concentration of drugs
indicated (100 times their K,, values for cyclic AMP
accumulation in intact cells) for 20 min before membranes
were prepared. GTP-stimulated adenylate cyclase activity
was determined in the presence of 30 uM GTP. Values
represent the average of two separate experiments each
performed in triplicate. The mean value for adenylate
cyclase activity in control tissue was 20.3 pmoles of cyclic
AMP formed/min/mg protein.

binding of ['*IJIHYP was determined in membranes
prepared from cells exposed to isoproterenol or zin-
terol for 20 min (Table 3). Exposure of cells to either
agonist resulted in a marked decrease in the affinity
of the receptor for isoproterenol. In agreement with
previous studies [2, 3, 21}, the affinity of the receptor
for isoproterenol was similar in membranes prepared
from treated cells and in membranes from control
cells if assays were carried out in the presence of
GTP.

DISCUSSION

The process of desensitization of the B-adrenergic
or PGE, receptor/adenylate cyclase system appears
to involve multiple steps [1-5, 23-25). The initial step
is thought to result from a reversible modification

Table 1. Activation of adenylate cyclase by Gpp(NH)p after desensitization
with isoproterenol or zinterol*

Adenylate cyclase activity

(pmoles/mg/min) Apparent k
Initial Steady-state (sec™!)
Control 171 = 27.4 469 = 10.0 0.76 = 0.087
Isoproterenol-desensitized 139 +1.3 478 = 1.6 0.37 = 0.105t
Zinterol-desensitized 213+ 21.5 411 £53.5 0.86 = 0.336

* The time course for activation of adenylate cyclase by 30 uM Gpp(NH)p
was determined in membranes prepared from cells incubated for 20 min with
either 2.5 uM isoproterenol or 0.25 uM zinterol. A quasi-Newton method with
difference approximations to derivatives was used with the aid of a CDC 6000
series computer to fit the data to the equation V, = V, — (V, — V))e ¥, where
V, is enzyme activity at time ¢, V, is steady-state enzyme activity, V; is initial
activity, and k is an apparent rate constant characterizing the transition from
V, to V,. Data are expressed as the mean = S.E.M. of three to five separate

experiments.

+ P < 0.05 (Student’s ¢-test) compared to control.
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Table 3. Effect of desensitization by agonists on the affinity
of B-adrenergic receptors for isoproterenol*

Kp of receptor for
isoproterenol {uM}

Treatment -GTP +GTP

Control 0.026 = 0.004 0.58 = 0.06
Isoproterenol-treated 0.21+0.03 0.70 = 0.02
Zinterol-treated 0.14 £0.03 0.85 +0.10

* The ECs of isoproterenol was determined in mem-
branes prepared from control cells or cells exposed to
isoproterenol (2.5 gM) or zinterol (0.25 uM) for 20 min.
Fifteen concentrations of isoproterenol were used to inhibit
the binding of a constant amount of ['PIJIHYP (50-60 pM).
Experiments were carried out in the absence or presence
of 300 uM GTP. eCs Values were converted to Kp values
by the method of Cheng and Prusoff {22]. Data represent
the mean = S.E.M. of three experiments.

of the receptor and/or guanine nucleotide-binding
protein such that there is a decreased “coupling”
between components of the system. The uncoupling
process results in a rapid decrease in agonist-stimu-
lated adenylate cyclase activity. It has been shown
for both B-adrenergic receptors [1-3} and PGE;
receptors [4] that uncoupling is reversible if agonists
are removed; however, if the integrity of the cells is
disrupted, the receptors appear to be irreversibly
uncoupled from other components of the adenylate
cyclase system.

In the present study, exposure of cells to either
zinterol or isoproterenol resulted in a decrease in the
affinity of the S-adrenergic receptor for isoproterenol
as measured by inhibition of the binding of ['%I]
IHYP. Part of the effect of agonists on the adenylate
cyclase system, therefore, may be due to a mod-
ification of the 8-adrenergic receptor. Similar effects
of agonists on the properties of S-adrenergic recep-
tors have been reported previously {2, 3,21}. The
density of f-adrenergic receptors did not decrease,
however, following exposure of cells for up to 60 min
to either isoproterenol or zinterol (unpublished
observations). Therefore, the observed decrease in
adenylate cyclase activity was not due to a decrease
in the density of receptors.

The decrease in agonist-stimulated adenylate
cyclase activity could be the result of an increase
in the concentration of agonist required for half-
maximal stimulation or of a decrease in maximum
activity, In many systems, only an effect on maximum
activity has been observed [2,4, 6, 11]; however,
increased K, values have been reported following
desensitization with PGE,; [5,26] and following
exposure of C6 glioma cells or S49 lymphoma cells
to agonists at S-adrenergic receptors [5, 8]. In the
present study, incubation of cells with isoproterenol
resulted in a decrease in maximum activity and an
increase in the K, value.

Exposure of cells to agonists did not alter the
fluoride-stimulated or the steady-state level of
Gpp(NH)p-stimulated adenylate cyvclase activity.
Since both agents activate adenylate cyclase through
an effect on the guanine nucleotide-binding protein
{27, 28], exposure of calls to agonists did not appear
to affect the extent of activation of the guanine
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nucleotide-binding protein. Rather, both GTP-
stimulated adenylate cyclase activity and the appar-
ent rate of enzyme activation by Gpp(NH)p were
decreased by pretreatment with isoproterenol, but
not with zinterol, suggesting an isoproterenol-
induced decrease in the rate at which the guanine
nucleotide-binding protein is activated by guanine
nucleotides. Likewise, Mn?*, thought to activate
adenylate cyclase by direct action on the catalytic
subunit {29-31], had effects on adenylate cyclase
activity in membranes prepared from cells exposed
to agonists that were similar to those observed in
control membranes. Therefore, a decrease in cata-
lytic capacity was not responsible for the decrease in
agonist-stimulated enzyme activity.

Exposure of WI-38 fibroblasts to PGE; is character-
ized by reversible decreases in GTP-, Gpp(NH)p-,
epinephrine-, and PGE;-stimulated adenylate
cyclase activity [4]. Incubation of WI-38 fibroblasts
with epinephrine, on the other hand, affected only
epinephrine-stimulated adenylate cyclase activity
{4]. The authors interpreted this to suggest that
desensitization following exposure to epinephrine
resulted in modification of the receptor, but desen-
sitization following incubation with PGE, resulted
in modification of the guanine nucleotide-binding
protein. Whereas in WI-38 cells different effects
were observed following exposure of cells to agonists
interacting with different receptors, in the present
study different effects were observed with two full
agonists interacting with the same receptor. A large
decrease in GTP-stimulated activity was observed in
cells exposed to isoproterenol, but not in cells
exposed to zinterol. This differential effect was also
observed with a number of other agonists. Thus,
desensitization following exposure to isoproterenol
may result from modification of the guanine nucleo-
tide-binding protein {and possibly the receptor),
whereas desensitization following exposure to
zinterol, salmefamol, or dobutamine resulted only
in modification of the receptor.

Since NaF- and Gpp(NH)p-stimulated adenylate
cyclase activities were not altered, desensitization
with isoproterenol does not reduce the extent of
activation of the guanine nucleotide-binding protein.
Rather, pretreatment with isoproterenol, but not
with zinterol, appears to decrease the rate of acti-
vation of the guanine nucleotide-binding protein.

It is possible that not all of the zinterol was washed
out of the membranes and this could result in an
artifactually high level of GTP-stimulated activity.
This seems unlikely because an additional two
washes of membrane pellets did not affect GTP-
stimulated activities in membranes from cells
exposed to isoproterenol or zinterol. In addition,
the inclusion of GTP in the buffer used for the
preparation of membranes did not affect GTP- or
Gpp(NH)p-stimulated activity in membranes pre-
pared from desensitized cells. This latter manipu-
lation should remove any zinterol bound to the recep-
tor [14, 32, 33}

The differences in the effects observed following
exposure of cells to isoproterenol and zinterol dem-
onstrate that two drugs interacting with the same
receptor can exhibit different mechanisms of desen-
sitization, Since these drugs induce similar increases
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in cyclic AMP, it is unlikely that the effects of iso-
proterenol on GTP-stimulated adenylate cyclase
activity require cyclic AMP-dependent protein
kinase.
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