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SUMMARY

Mickey, JoHN V., TATE, RoBERT, MULLIKIN, DEBRA & LEFKOWITZ, ROBERT J.
(1976) Regulation of adenylate cyclase-coupled beta adrenergic receptor binding
sites by beta adrenergic catecholamines in vitro. Mol. Pharmacol., 12, 409-419.

Tolerance to catecholamines was studied using a frog erythrocyte model system in vitro.
Incubation of cells with (—)-isoproterenol resulted in up to a 58% decline (p < 0.001) in
maximum catecholamine-stimulated adenylate cyclase activity in membrane prepara-
tions. Desensitization was characterized by a decrease in V,,,, with no change in
hormone affinity. Enzyme activity in the unstimulated state and after stimulation with
NaF and prostaglandin E, (PGE,) was unaltered. The number of functional beta
adrenergic receptors, measured by binding of the beta adrenergic antagonist (—)-
[*Hldihydroalprenolol, showed a parallel decline of up to 47% (p < 0.001) with no change
in receptor affinity. The dose-response curve for desensitization of enzyme activity and
decreased receptor binding was the same as for (—)-isoproterenol stimulation of adenyl-
ate cyclase activity. The time course for the desensitization of adenylate cyclase and
decrease in receptor number was much longer than that required for receptor binding or
adenosine cyclic 3',5'-monophosphate (cCAMP) production, requiring 2-3 hr for comple-
~ tion. The ability of beta adrenergic agonists to cause a decrease in enzyme activity and
" in receptor number was directly related to their affinity for the beta adrenergic receptor.
The potency series was isoproterenol > epinephrine > norepinephrine. The beta antago-
nist propranolol, while having no effect of its own, blocked the desensitization caused by
isoproterenol. In contrast, the alpha adrenergic antagonist phentolamine did not inter-
fere with the phenomenon. The desensitized state was shown to be reversible. If
isoproterenol was removed from desensitized cells by washing, and cells were further
incubated with propranolol, receptor binding and enzyme activity returned to nearly
normal levels. Incubation of cells with PGE, produced desensitization to subsequent
prostaglandin stimulation but had no effect on catecholamine sensitivity or beta recep-
tor binding. Dibutyryl cAMP did not cause a decrease in binding or enzyme activity. It
appears that catecholamines, through beta adrenergic receptor interactions, play a role
in regulation of the number of functioning receptors at the cell surface. This may be a
major mechanism for the induction of catecholamine tolerance.
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INTRODUCTION

Tolerance or desensitization to the ef-
fects of drugs or hormones is a common
occurrence in clinical medicine and is fre-
quently observed in many biological sys-
tems. The mechanisms of this adaptive re-
action may vary with the type of drug,
species of animal, and organ system. In
any individual system, induction of me-
tabolizing enzymes (1), depletion of neuro-
transmitters (2), increase in drug excre-
tion (3), antidrug antibody production (4),
or nonspecific target organ “fatigue” (5)
might be involved. Recent evidence has
shown that changes in the interaction of a
drug or hormone with its specific receptor
may play a role in the induction of some
forms of desensitization (6-11). We have
undertaken the study of catecholamine
tolerance in which this newly recognized
mechanism may play a significant role.

Tolerance to prolonged adrenergic stim-
ulation occurs in humans and intact labo-
ratory animals (12) and in isolated cells
(13). At the cellular level, tolerance to the
beta adrenergic effects of catecholamines
has been associated with decreased re-
sponsiveness of adenylate cyclase to adre-
nergic stimulation, the first biological re-
sponse that can be detected after exposure
to hormone (14). We have chosen the frog
erythrocyte as a source of beta adrenergic
receptor-linked adenylate cyclase to study
this phenomenon. Methods for measuring
biological response to hormonal stimula-
tion and for studying hormone and drug
receptor interactions directly have been
well characterized in this system (8, 10,
15-17). Binding of the radiolabeled beta
adrenergic antagonist (—)-|*H]dihydroal-
prenolol to membrane sites exhibits all the
characteristics to be expected of ligand
binding to the beta adrenergic receptor.
In membrane fractions of canine heart
(18) and frog erythrocytes (8, 19, 20), the
binding shows ligand specificity, stereo-
specificity, affinity, and kinetics appropri-
ate to the beta adrenergic receptor.

A preliminary communication from this
laboratory (9) reported that isoproterenol-
induced desensitization of adenylate cy-
clase in the frog erythrocyte system in vi-
tro is accompanied by a decrease in the
number of functional beta adrenergic re-
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ceptors. We now describe detailed studies
of catecholamine desensitization in this
system in vitro. These studies reveal a
striking correlation between the phenom-
ena of desensitization and decline in num-
ber of beta adrenergic receptors under a
wide variety of experimental conditions.
These findings thus support the hypothesis
that a reduction in receptor binding is a
major mechanism in the induction of de-
sensitization of tissues to catecholamines.
The data also indicate that both the desen-
sitization and decrease in receptor number
are themselves beta adrenergic receptor-
mediated events.

MATERIALS AND METHODS

(—)-[*H]Dihydroalprenolol (specific ac-
tivity, 17-33 Ci/mmole) was prepared by
New England Nuclear Corporation by cat-
alytic reduction of (—)-alprenolol (Hassle)
with tritium gas, using palladium as a
catalyst (8, 19). The compound was stored
in absolute ethanol at —20°.

(—)-Alprenolol contains an unsaturated
bond in the aliphatic chain on position 2 of
the aromatic ring. We have recently dem-
onstrated by mass spectroscopy that this
material is, as anticipated, dihydroalpren-
olol. The material is homogeneous in six
different chromatographic systems, as de-
tailed elsewhere (20). In addition, the la-
beled material can be separated from na-
tive (—)-alprenolol by chromatography on
silica gel plates impregnated with silver
nitrate (20).

When the tritiated material is chromat-
ographed alone on such silver nitrate-
treated plates and the plates are examined
by ultraviolet light, only a single spot is
seen, corresponding to the R of the radio-
activity. Thus no native, unreacted al-
prelnolol contaminates the tritiated mate-
rial.

The finding that the specific activity of
the labeled material is less than “theoreti-
cal” (i.e., less than 60 Ci/mmole) is pre-
sumably due to tritium exchange with sol-
vent during the labeling procedure, which
leads to reduction of some double bonds
with hydrogen rather than tritium atoms.

We have tested the biological activity of
several lots of the labeled material, with
specific radioactivities ranging from 10 to



REGULATION OF ADENYLATE CYCLASE-COUPLED BETA RECEPTOR SITES

33 Ci/mmole, as antagonists of isoprotere-
nol-activated adenylate cyclase. In all
cases the K, obtained (about 3-5 nM) was
the same and was in turn identical with
that of unlabeled native (—)-alprenolol.
Since the tritiated material contains no
unreacted native (—)-alprenolol, these as-
says represent valid potency estimates of
the tritiated compound (20).

Other drugs used in this study were (+)-
propranolol HCIl, (-—)-isoproterenol, (-)-
epinephrine bitartrate, (—)-norepineph-
rine bitartrate, cAMP,>2 ATP, phosphoe-
nolpyruvate, and myokinase (all from
Sigma). Phentolamine was obtained from
Ciba; pyruvate kinase, from CalBiochem;
and [*H]lcAMP (1-5 Ci/mmole) and [a-
ZPJATP (1-10 Ci/mmole), from New Eng-
land Nuclear. Prostaglandin E, was a gift
from Dr. John Pike, Upjohn Pharmaceuti-
cals. Alumina, neutral grade, was ob-
tained from ICN; Dowex AG 50W-X4, from
Bio-Rad; and grass frogs (Rana pipiens),
from Nasco-Steinhilber.

Frogs were bled by cardiac puncture,
and the heparinized blood was washed
twice in buffered amphibian saline (109
mM NaCl and 9 mm Tris-HCI, pH 7.4).
Pooled blood was initially incubated at 23°
with test drugs in a medium containing
101 mMm NaCl, 17 mmM Tris, 10 mMm dextrose,
0.2 mm sodium metabisulfite, penicillin
(50 units/ml), and streptomycin (5 mg/ml)
at pH 7.4. Antibiotics were added to retard
bacterial growth, which would have led to
cell lysis. The medium was renewed after
12 hr in 24-hr incubation experiments.
Cells were shielded from light and kept in
suspension by slow rotation. These initial
incubations lasted for 3-10 hr unless other-
wise indicated.

After the initial incubation, 1-ml vol-
umes of cells were washed in 40 ml of
amphibian saline four times. Cells were
then brought to a 3-ml volume in washing
buffer (129 mm NaCl, 20 mm Tris, 5 mm
EDTA, and 2 mm dithiothreitol, pH 7.4)
and lysed by quick freezing in an ethanol-
Dry Ice bath. Then 40 ml of washing buffer
were added, and the lysate was thawed at
9°. After centrifugation at 30,000 x g for 15

"2 The abbreviations used are: cAMP, adenosine
cyclic 3’,5'-monophosphate; PGE,, prostaglandin E,.
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min, the pellet was resuspended by ho-
mogenization in cyclase buffer (75 mm Tris
and 25 mm MgCl,, pH 7.4) and recentri-
fuged at 2000 x g for 8 min over a cushion
of cyclase buffer containing 50% sucrose.
The supernatant fraction was collected,
pelleted at 30,000 x g for 15 min, and
washed twice with washing buffer. This
procedure resulted in eight separate wash-
ings after incubation. The final membrane
preparation consisted of the pellet resus-
pended in cyclase buffer. Protein was de-
termined by the method of Lowry et al.
(21).

Adenylate cyclase assays were per-
formed as reported previously (22, 23). Fi-
nal incubation mixtures contained Tris-
HCI, 30 mm, pH 7.4; MgCl,, 10 mm; cAMP,
0.1 mm; ATP, 1.5 mM; [a-**P]JATP, 1-2 x
10® cpm; phosphoenolpyruvate, 5 mmMm; py-
ruvate kinase, 40 ug/ml; and myokinase,
20 pg/ml. Incubations were carried out in
50-ul volumes for 15 min at 37°. [**PlcAMP
was isolated by the method of Salomon et
al. (24). [*H]cAMP was used to monitor for
analytical losses during the chromatogra-
phy. Recovery was generally about 70%.

(-)-[*H]Dihydroalprenolol binding stud-
ies were performed essentially as de-
scribed earlier (8, 17, 20). Membrane prep-
arations (1-2 mg of protein) were incu-
bated with 2-60 nm (-)-[*Hldihydroal-
prenolol for 10 min at 37° in the presence
and absence of unlabeled (+)-propranolol,
10 uM. Duplicate samples were layered
over 0.3 ml cyclase buffer and centrifuged
for 2 min in a Beckman Microfuge 152.
The pellet surface was washed once. Pel-
lets were solubilized with 10% sodium
dodecyl sulfate and 10 mm EDTA over-
night prior to addition of a Triton-toluene-
based fluor and counting in a liquid scin-
tillation spectrometer. Nonspecific bind-
ing was defined as the radioactivity bound
to membranes incubated in the presence
of 10 uM (=*)-propranolol and was gen-
erally approximately 25% of the binding
observed in incubations performed with-
out propranolol. Specific binding was de-
fined as the amount of radioactivity in
samples incubated with (—)-[*H]dihydro-
alprenolol alone, minus nonspecific bind-
ing. All values for (-)-|*H]dihydroalpren-
olol binding refer to specific binding.
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As described elsewhere (20), binding as
assessed by this centrifugal method was
essentially identical with that determined
by equilibrium dialysis. Thus binding as
assessed by this simple centrifugal assay is
a true reflection of equilibrium binding
(20).

In some later experiments, the mem-
brane preparation was altered so that the
sucrose separation step was omitted and
an additional wash was added. With these
membrane preparations, separation of re-
ceptor-bound (-)-[*H]dihydroalprenolol
from free drug was accomplished by dilu-
tion in ice-cold cyclase buffer and filtration
through Whatman GFC glass filters, fol-
lowed by additional washing. Dissociation
of bound label was negligible. This method
gave results comparable to the centrifugal
assay, but with less than 10% nonspecific

binding.
RESULTS

Effect of isoproterenol preincubation on
adenylate cyclase activity. Membrane prep-
arations from cells “initially” incubated
with 0.1 mM (-)-isoproterenol for more
than 5 hr displayed only 42% of the maxi-
mum catecholamine-stimulated adenylate
cyclase activity present in control mem-
branes (p < 0.001, paired ¢-test in 10 ex-
periments). A typical isoproterenol dose-re-
sponse curve (Fig. 1) shows that this de-
sensitization was characterized by a de-
crease in maximum enzyme velocity (V..)
in response to stimulation, with no shift in
apparent affinity for the drug (concentra-
tions causing half-maximal stimulation).
Enzyme activity was not different in con-
trol compared with isoproterenol-incu-
bated cells in the basal (unstimulated)
state or after stimulation with NaF or
PGE, (p > 0.7, p > 0.1, and p > 0.5, re-
spectively, for 10 experiments). Basal en-
zZyme activity in treated cells was 37 +
12.3 pmoles of cAMP generated per milli-
gram of protein per minute, and in con-
trol cells, 38 + 14 pmoles/mg of protein
per minute.

Effect of isoproterenol preincubation on
(—)-[*H]dihydroalprenolol binding. In ad-
dition to the decreased enzyme sensitivity
to subsequent beta adrenergic stimulation,
membranes from isoproterenol-treated cells
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A typical experiment, determined in duplicate, is
shown. B, basal, or unstimulated, enzyme activity.
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Fic. 2. Specific (—)-[*H]dihydroalprenolol bind-
ing in membranes from frog erythrocytes preincu-
bated with and without (—)-isoproterenol (10 uM) as
a function of (—)-[*H]dihydroalprenolol concentra-
tion

A typical experiment is shown. Each data point
was determined in duplicate.

(0.1 mM, longer than 5 hr) showed a strik-
ing depression in binding of (-)-[*Hldihy-
droalprenolol. Receptor binding in both
treated and control preparations reached
plateau at high (-)-[*H]dihydroalpren-
olol concentrations, indicating that all
available receptor sites were occupied,
i.e., saturated (Fig. 2). This maximum
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A. Maximum catecholamine-stimulated adenyl-
ate cyclase activity as a function of preincubation
concentration of (—)-isoproterenol. Cells were incu-
bated with 0.01-1000 uM (-)-isoproterenol for 5-10
hr as described in the text. Membrane fractions
were assayed in duplicate for maximum adenylate
cyclase activity in the presence of 0.1 mM (-)-iso-
proterenol. cAMP generation (picomoles per milli-
gram of protein per minute) is expressed as a per-
centage of the control value for each experiment. N,
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binding level corresponds to the num-
ber of functioning beta adrenergic re-
ceptors. In 13 experiments maximum bind-
ing in membranes from isoproterenol-de-
sensitized cells was 53.2% of control (p <
0.001, paired ¢-test; isoproterenol concen-
tration, 0.1 mM; longer than 5 hr). There
was no change in the concentration of (-)-
[®*H]dihydroalprenolol required to occupy
half the receptors, a measure of receptor
affinity for ligand.

Desensitization as a function of (—)-iso-
proterenol concentrations in initial incu-
bation. Desensitization of adenylate cy-
clase and a corresponding decrease in the
number of functioning beta adrenergic re-
ceptors were found to be dose-related phe-
nomena. As shown in Fig. 3, there was a
threshold to both effects at about 0.1 um -
and a maximum at 10-100 uM (—)-isopro-
terenol. The concentration of (—)-isopro-
terenol causing half-maximal effects was
between 0.1 and 1.0 um for both phenom-
ena. As noted above, the magnitude of
enzyme desensitization (58% fall) also
closely paralleled the reduction in beta re-
ceptor binding (47% decline).

Desensitization as a function of dura-
tion of initial incubation. The time course
of desensitization of adenylate cyclase was
nearly identical with that for the decrease
in (-)-[*H]dihydroalprenolol binding (Fig.
4). Decrements in binding and in adenyl-
ate cyclase activity were minimal before
30 min, nearly complete at 2 hr, and un-
changed between 3 and 24 hr. All initial
incubations were conducted with 0.1 mm
(—)-isoproterenol.

Beta adrenergic specificity of desensiti-
zation to catecholamines. Figure 5 demon-

number of experiments; C, control value. Brackets
indicate standard errors of the mean.

B. Maximum (-)-[*Hldihydroalprenolol binding
as a function of preincubation concentration of (-)-
isoproterenol. Incubation and assay conditions were
the same as described in the text and previous fig-
ures. Binding was assayed in duplicate at two or
three concentrations of (-)-|*Hldihydroalprenolol
above the saturation level (40-50 nM). Maximum
binding refers to the average of these values, ex-
pressed as a percentage of the control value for each
experiment. N, number of experiments; C, control
value. Brackets indicate standard errors of the
mean.
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A. Maximum catecholamine-stimulated adenyl-
ate cyclase activity as a function of duration of pre-
incubation with (—)-isoproterenol (0.1 mM). Incuba-
tions and assays were the same as described in the
text. The duration of initial preincubation was
measured from the addition of (—)-isoproterenol to
the onset of washing. Four cell washes and freezing
of cells were completed in less than 10 min. The
number of experiments appears in parentheses be-
neath each data point. Brackets indicate standard
errors of the mean.

B. Maximum (-)-[*Hldihydroalprenolol binding
as a function of duration of preincubation with
(—)-isoproterenol. Incubations and assays were the
same as described in the text and previous figures.
The number of experiments appears in parentheses
below each data point. Brackets indicate standard
errors of the mean.

strates that a beta adrenergic agonist
other than (—)-isoproterenol was capable
of producing desensitization. Epinephrine,
but not norepinephrine (at 10 um), caused
a reduction in adenylate cyclase sensitiv-
ity with a parallel drop in receptor bind-
ing. Epinephrine appeared less potent
than (—)-isoproterenol at 10 umM.
Incubation of cells with the beta adre-
nergic antagonist propranolol had no ef-
fect on subsequent receptor binding or en-
zyme activity. However, as shown in Fig.
6, 10 um propranolol effectively blocked
the desensitization caused by 10 um (—)-
isoproterenol. Phentolamine, an alpha
adrenergic antagonist shown previously
not to interact with the beta adrenergic re-
ceptors in these preparations (8), had no
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effect by itself and did not block desensi-
tization to (—)-isoproterenol. Unexplained
is the apparent supersensitivity of adenyl-
ate cyclase after simultaneous incubation
with (-)-isoproterenol and propranolol.
Binding studies did not reflect this in-
creased enzyme activity.

Resensitization. After cells had been in-
cubated with 10 uM (—)-isoproterenol for 4
hr, enzyme desensitization and decline in
beta adrenergic receptor number occurred
as expected (Fig. 7). These cells were then
washed three times, and the incubations
were continued in the presence of 10 um
propranolol to ensure that no residual iso-
proterenol remained on the receptors.
Eight hours later membranes were pre-
pared and tested for catecholamine-sensi-

Maximum Catecholamine Stimulated
Adenylate Cyclase Activity (% Control)

Maximum (-{3H]Dihydroolprenolol Bound (% Control)

V3777772772222

N
N
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\
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\
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Norepi Epi Iso
Preincubation Preincubation
Conditions Conditions

FiGc. 5.

Left: Maximum catecholamine-stimulated adenyl-
ate cyclase activity as a function of preincubation
with various agonists. Incubations and assays were
the same as described in the text and previous fig-
ures. (—)-Isoproterenol (Iso), (—)-epinephrine (Epi),
and (-)-norepinephrine (Norepi) were present at 10
uM in preincubations. The number of experiments
appears inside the bars. Brackets indicate standard
errors of the mean.

Right: Maximum (-)-[*H]dihydroalprenolol bind-
ing as a function of preincubation with various ago-
nists. Incubations and assays were the same as de-
scribed in the text and previous figures. All agonists
were present at 10 um.
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Left: Maximum catecholamine-stimulated adenyl-
ate cyclase activity after preincubation with (—)-
isoproterenol and antagonists. Incubations and as-
says were the same as described earlier. The pre-
incubation concentration of (-)-isoproterenol (Iso)
was 100 M in one experiment and 10 uM in all
others. Both (x)-propranolol (Pro) and phentola-
mine (Phen) were present at 10 uM. The number
of experiments appears inside the bars. Brackets
indicate standard errors of the mean.

Right: Maximum (-)-[*Hldihydroalprenolol
binding after preincubation with (-)-isoproterenol
and antagonists. Incubation conditions were the
same as described for the left-hand graph.

tive adenylate cyclase and beta adrenergic
receptor binding. During this 8-hr period
the number of functioning receptors and
the sensitivity of adenylate cyclase re-
turned to nearly normal levels (Fig. 7).
The increase in receptor number and in
enzyme sensitivity was significant at the p
< 0.001 level.

Induction of specific desensitization to
PGE,. Incubation of cells with PGE, (50
uM) resulted in a 60% decrease in the sub-
sequent response of adenylate cyclase to
prostaglandin stimulation (p < 0.01, n =
4). There was no desensitization to subse-
quent (—)-isoproterenol stimulation or
decrement in (-)-[*H]dihydroalprenolol
binding. Incubation of cells with (—)-iso-
proterenol (10 uM) similarly resulted in no
cross-tolerance to PGE,. Subsequent stim-
ulation of membranes from (—)-isoprotere-
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nol-treated cells by PGE, was no different
from the control (p > 0.5, 10 experiments,
paired t-test). These results are summar-
ized in Table 1.

DISCUSSION

In many biological systems in which
cAMP acts as a “second messenger,” re-
sponsiveness to hormonal stimulation be-
comes attenuated with time; that is, toler-
ance or desensitization develops. In the
frog red cell model, we have shown that
this desensitization is characterized by up
to a 58% fall in maximum beta adrenergic
stimulated adenylate cyclase activity. Re-
ceptor affinity for hormone, assessed by
dose-response curves, was not altered by
desensitization. Advances in beta adrener-
gic receptor binding techniques enabled us
to examine the changes in receptor bind-
ing characteristics that occurred as tissues
became desensitized to catecholamines.
These studies revealed a maximum decre-
ment of 47% in the number of functionally
active beta adrenergic receptor binding
sites after adrenergic tolerance was in-
duced, with no change in the binding affin-
ity of the receptors.

That this correlation between decreased
number of functioning receptors and de-
creased enzyme responsiveness is mean-
ingful and not artifactually produced [by
residual (—)-isoproterenol remaining after
initial incubation or by a generalized toxic
effect on the enzyme itself] is supported by
the following data. First, basal enzyme
activity in treated membranes was no
higher than in control membranes, as
would be expected if residual drug re-
mained on the receptor. Second, addition
of propranolol (10uM) to the enzyme assay
did not significantly lower basal activity in
treated cells, as would be observed if (—)-
isoproterenol had not been washed off.
Third, when cells were exposed to the
same concentration of (—)-isoproterenol
only briefly (less than 5 min) prior to
washing, no desensitization resulted.
Fourth, persistence of (—)-isoproterenol or
a metabolite on the receptors would be
expected to alter the apparent affinity of
(-)-[*Hldihydroalprenolol binding (shift
the saturation curve to the right) without
lowering the number of sites (maximum
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A. Resensitization of adenylate cyclase. Cells
were incubated with 10 um (-)-isoproterenol for 4
hr, and a portion was prepared for adenylate cyclase
stimulation assay as described in the text and pre-
vious figures. A portion of the desensitized cells was
then washed three times, incubated for an addi-
tional 8 hr with 10 uM propranolol (resensitization),
and assayed as before. The number of experiments
appears inside the bars. Brackets indicate standard
errors of the mean.

B. Restoration of (—)-[*Hldihydroalprenolol bind-
ing. The experimental protocol was the same as
described for Fig. 7A. Assays were performed as
described in the text and previous figures.
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binding). In separate experiments we have
demonstrated that this was precisely the
result obtained when (-)-isoproterenol
(0.5-5.0 um) was actually added to control
membranes prior to (—)-*Hldihydroal-
prenolol binding studies (11). Finally,
basal enzyme activity as well as that after
sodium fluoride and PGE, stimulation was
unaltered, indicating that (—)-isoprotere-
nol incubation did not have a toxic effect
on the adenylate cyclase system itself. For
these reasons, we are confident that our
measurements of changes in receptor bind-
ing and enzyme activity are valid.
Recognizing that a loss of beta adrener-
gic receptor capacity could account for a
major part of the observed adenylate cy-
clase desensitization, we conducted paral-
lel studies of enzyme activity and receptor
binding to characterize the effects more
fully. The results of several experiments
suggest that the first step necessary for the
induction of desensitization is “occupation”
of the receptors by a ligand. Two beta adre-
nergic agonists were capable of inducing
tolerance in proportion to their beta adre-
nergic potency. Isoproterenol appeared to
be more potent than epinephrine in pro-
ducing desensitization at a concentration
of 10 uM. The activities of (—)-isoprotere-
nol in this system, as measured by recep-
tor binding, by stimulation of adenylate
cyclase, and by induction of desensitiza-
tion, all follow the same dose-response re-
lationships. All phenomena have a thresh-
old at 0.1 uM, are half-maximal by 1 um,
and reach a plateau at 10-100 um (—)-
isoproterenol. These data are all consist-
ent with the hypothesis that receptor occu-
pancy is the first step in desensitization.
Although occupancy of the receptor
seems to be necessary for induction of de-
sensitization, ligand binding alone is
clearly not sufficient. Incubation with the
beta adrenergic antagonist propranolol at
a concentration (10 uM) that fully satu-
rates the binding sites resulted in no de-
sensitization, suggesting that agonists
alone possess a characteristic necessary for
the production of desensitization. This hy-
pothesis was tested by incubating cells
with (—)-isoproterenol and (+)-proprano-
lol together. The affinity of propranolol for
the beta adrenergic receptors is 100 times
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TABLE 1
Specific desensitization induced by ( —)-isoproterenol and PGE

Values are the means and standard errors of the number of experiments shown in parentheses, each
determined in duplicate. Unless otherwise indicated, values were not significantly different from controls (p

> 0.25, paired ¢-test).

" Initial incubation con-

Maximum adenylate cyclase activ-

Maximum
[*H)dihydroalprenolol

ditions ity stimulated by:
binding
Isoproterenol PGE,

% control % control
PGE,, 50 uMm 108 7 (4) 40 = 6" (4) 122 = 14 (4)
(—)-Isoproterenol, 100 um 42 = 4 (29) 88 +17 (11) 53 = 6 (13)
2 p < 0.01.
®p < 0.001.

that of isoproterenol (8), and at 10 um
concentrations the antagonist should ef-
fectively exclude the agonist from access to
the beta receptor binding sites. Figure 6
shows that propranolol does in fact block
(—)-isoproterenol-induced tolerance. Fur-
thermore, the alpha antagonist phentol-
amine does not block either access of iso-
proterenol to receptors (8) or isoproterenol-
induced catecholamine tolerance. In addi-
tion to demonstrating that receptor bind-
ing by agonist is necessary for desensitiza-
tion, propranolol blockade of isoproterenol
tolerance is significant additional evidence
for the beta adrenergic mediation of this
phenomenon.

The classification of an agent as an ago-
nist or antagonist depends on its ability to
evoke or to block a biological response —in
this system, cAMP production. Since the
primary difference between the beta adre-
nergic agents which did produce desensiti-
zation (agonists) and the one which did net
(the antagonist propranolol) is the ability
to stimulate adenylate cyclase, it seemed
reasonable that the second messenger
cAMP might be involved in producing de-
sensitization. Several observations argue
against this hypothesis, however. First, as
shown in Table 1, incubation of cells with
50 um PGE,, which raises the level of in-
tracellular cAMP? in this system, resulted
in no change in (-)-[*Hldihydroalprenolol
binding or in enzyme sensitivity to cate-
cholamines. Second, incubation of cells
with dibutyryl cAMP (500 um) resulted in
no desensitization. Furthermore, specific

3 M. G. Caron and R. J. Lefkowitz, unpublished
observations.

desensitization could be induced to either
PGE, or to catecholamines with no demon-
strable cross-tolerance. Since both these
agents stimulate increased intracellular
cAMP levels, it seems unlikely that this
cyclic nucleotide is involved in the desensi-
tization to either hormone. Obviously
these data do not rule out the role of
cAMP, for arguments can be made for in-
tracellular exclusion of endogenous and
exogenous cyclic nucleotide from a possible
necessary site of action.

Although it seems unlikely that desensi-
tization depends on cAMP production, the
time course data in Fig. 4 imply that
events subsequent to receptor binding are
required before tolerance can occur. Bind-
ing to the beta adrenergic receptor in
frog erythrocyte membrane preparations
reaches equilibrium within a few minutes,
and is more than 80% complete in less than
1 min (8). Similarly, stimulation of adenyl-
ate cyclase by isoproterenol, an event sub-
sequent to binding, has been shown to be
nearly instantaneous (8). Desensitization,
however, required 2-3 hr for completion at
0.1 mm isoproterenol, and preliminary
data suggest that more time may be re-
quired at lower concentrations. Return of
normal receptor binding and enzyme ac-
tivity in desensitized cells also took hours
for completion. For the described desensi-
tization to be part of a physiological feed-
back control mechanism, it would be ex-
pected to be reversible. The experiments
presented here demonstrate this charac-
teristic, and are in agreement with those
of Franklin et al. (25), who found recovery
of beta adrenergic sensitivity to be a slow
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process which is delayed by low concentra-
tions of isoproterenol.

Although the mechanisms through
which hormone receptors become “inacti-
vated” remain conjectural, there are some
interesting relevant observations. Other
workers in our laboratory, using an analo-
gous frog erythrocyte model system in
vivo, have shown that inhibition of protein
synthesis with cycloheximide does not in-
fluence the enzyme or receptor changes of
desensitization or recovery (11). Coopera-
tive interactions among receptors in this
system are equally influenced by agonists
and antagonists (26, 27, 28), and therefore
are also unlikely to be involved in desensi-
tization. The totally in vitro nature of
these experiments implies that no extra-
erythrocyte influences (e.g., other hor-
mones or organ systems) are necessary for
either desensitization or resensitization.
Although we favor the hypothesis of an
agonist-induced conformational change in
the beta adrenergic receptor, other mecha-
nisms cannot be ruled out. Some proposed
explanations include actual loss of recep-
tors (destruction, release into the medium,
internalization into the cell) and genera-
tion of relatively irreversibly bound inac-
tive ligands (some unknown metabolic
products of catecholamines).

It should be noted that although our
studies strongly suggest that loss or inacti-
vation of beta adrenergic receptor binding
sites may be responsible for much of the
observed adenylate cyclase desensitiza-
tion, they do no prove that this is the only
mechanism contributing to the desensiti-
zation. In fact, the observation that the
decrease in catecholamine-stimulated en-
zyme activity was generally slightly
greater than the decrease in number of
receptors may indicate that other mecha-
nisms are also operative. The results of
these studies, obtained in a system en-
tirely in vitro, directly parallel results of
studies obtained by injecting catechola-
mine into living frogs (11). The close corre-
spondence of results between the two frog
erythrocyte systems, in vivo and in vitro,
further validates our observations.

Catecholamine tolerance has been de-
scribed in other model systems in vitro,
including lymphoid tissues (29), cultured
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fibroblasts (25, 30), cultured pineals (31),
human astrocyte cells (32), fat (33), rabbit
cerebellum slices (34), and rat glioma cul-
tures (35). Desensitization was measured
in terms of cAMP accumulation (25, 35),
adenylate cyclase activity (13), or enzyme
induction (31). The only other report that
characterizes enzyme changes in terms of
enzyme velocity and hormone affinity,
that of Franklin et al. (25), is in total
agreement with our observations. How-
ever, no previous report has offered direct
studies of the mechanism for these effects
or explored changes in the hormone recep-
tors themselves.

Reduction in functional receptor popula-
tions may be involved in other receptor-
mediated processes. Studies in vivo and in
vitro with insulin (6, 36, 37), acetylcholine
(7, 38), and thyrotropin-releasing hormone
(39) show that receptor binding is de-
creased by chronic hormone exposure.
However, these reports do not offer paral-
lel studies of both receptor binding and
subsequent biological response.

Patients with markedly elevated levels
of endogenous hormones [thyrocalcitonin
(40), gonadotropins (41), or insulin (42)]
have been shown to exhibit tolerance to
the effects of these bioactive materials.

Feedback adjustment of the number of
functional hormone receptors may play a
major role in the maintenance of homeo-
stasis in the face of changing levels of cir-
culating hormones.
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