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binds neither agonist nor antagonist and
cannot stimulate adenylate cyclase. It has

been shown previously that this loss of

binding capacity is not accounted for by
residually bound desensitizing drug (31).

The model outlined above seems to us
the most parsimonious explanation of the
findings presented here; however, other hy-

pothetical mechanisms are equally consist-
ent with our data. For example, desensiti-
zation might involve a lesion which impairs

receptor-cyclase coupling, or otherwise pre-

vents formation of the high affinity agonist-
receptor complex, resulting in a fall in ago-
nist binding with little or no effect on an-
tagonist binding. An alteration of this type
which interferes with formation of the high
affinity agonist-receptor complex would be

expected to result in a decrease in the over-
all affinity of agonist binding (cf. Fig. 2),

because fewer receptors would bind agonist

with high affinity. In the frog erythrocyte
system the hormone binding site itself also

must be affected to some degree, either by
the same lesion or a superimposed defect,
since antagonist binding is also decreased
by desensitization.

Certain fundamental questions remain
unanswered with regard to the mechanisms

of beta-adrenergic receptor activation and
desensitization. For example, we do not
know yet which molecular components of
the receptor-cyclase system are necessary
for each step of the binding-activation-de-

sensitization sequence; nor do we know
what molecular alterations in the receptors

render them desensitized. Another area of
uncertainty relates to the observation that
only a portion of the total population of

beta-adrenergic receptors bind agonist with
high affinity. Several explanations seem
plausible. Fewer cyclase than receptor
moieties or membrane constraints on recep-
tor-cyclase coupling might limit the num-
ber of high affinity complexes formed at
one time; or, steric interactions between
receptors may be induced by high affinity
agonist binding, interfering with subse-
quent binding to unoccupied receptors. Re-
sidual guanine nucleotides present in the
membrane preparations may lead to rapid
dissociation of agonist from a portion of the
receptors. Since guanine nucleotides are

present in the intact cell, the high affinity

state of the receptor must be very short-
lived under physiologic conditions. Perhaps

under these conditions all beta-adrenergic
receptors may freely cycle through the high

affinity state in the presence of agonist.
Because of the relatively low affinity of

[3H]HBI binding in the presence of guanine
nucleotides, it is technically difficult to per-

form binding assays under conditions in
which agonist binding results in adenylate
cyclase stimulation. However, this limita-
tion in our methods is counterbalanced by

the fact that binding studies performed in
the absence of guanine nucleotides have
allowed us to identify the high affinity state
of the beta-adrenergic receptor and to char-

acterize its apparently central role in beta-
adrenergic receptor desensitization.

REFERENCES

1. Makman, M. H. (1971) Properties of adenylate

cyclase of lymphoid cells. Proc. Natl. Acad. Sci.

U. S. A., 68, 885-889.

2. De Veils, J. & Brooker, G. (1974) Reversal of

catecholamine refractoriness by inhibitors of

RNA and protein synthesis. Science, 186, 1221-

1223.

3. Remold-O’Donnell, E. (1974) Stimulation and de-

sensitization of macrophage adenylate cyclase

by prostaglandins and catecholamines. J. Biol.

Chem., 249, 3615-3621.

4. Mickey, J. V., Tate, R. & Lefkowitz, R. J. (1975)

Subsensitivity of adenylate cyclase and de-

creased beta-adrenergic receptor binding after

chronic exposure to (-)Isoproterenol in Vitro. J.

Biol. Chem., 250, 5727-5729.

5. Mukherjee, C., Caron, M. G. & Lefkowitz, R. J.

(1975) Catecholamine-induced subsensitivity of

adenylate cyclase associated with loss of beta-

adrenergic receptor binding sites. Proc. Nat.

Acad. Sci. U. S. A., 72, 1945-1949.

6. Mukherjee, C., Caron, M. G. & Lefkowitz, R. J.

(1976) Regulation of adenylate cyclase coupled

beta-adrenergic receptors by beta-adrenergic

catecholamines. Endocrinology, 99, 347-357.

7. Mickey, J. V., Tate, R., Mullikin, D. & Lefkowitz,

R. J. (1976) Regulation of adenylate cyclase

coupled beta-adrenergic receptor binding sites

by beta-adrenergic catecholamines in vitro.

Mol. Pharmacol., 12, 409-419.

8. Wessels, M. R., Mullikin, D. & Lefkowitz, R. J.

(1978) Differences between agonist and antago-

nist binding following beta-adrenergic receptor

desensitization. J. Biol. Chem., 253, 3371-3373.

9. Newcombe, D. S., Ciosek, C. P., Jr., Ishikawa, Y.

& Fahey, J. V. (1975) Human synoviocytes: ac-



20 WESSELS ET AL.

tivation and desensitization by prostaglandins

and 1-eprinephrine. Proc. Nat. Acad. Sci. U. S.

A., 72, 3124-3128.

10. Franklin, T. J., Morris, W. P, & Twose, P. A.

(1975) Desensitization of beta-adrenergic recep-

tors in human fibroblasts in tissue culture. Mol.

Pharmacol., 11, 485-491.

11. Kebabian, J. W., Katz, M., Romero, J. A. & Axel-

rod, J. (1975) Rapid changes in rat pineal beta-

adrenergic receptors: alteration in 1-

(‘H)alprenolol binding and adenylate cyclase.

Proc. Nat. Acad. Sci. U. S. A., 72, 3735-3739.

12. Shear, M., Insel, P. A., Melmon, K. L. & Coffino,

P. (1976) Agonist specific refractoriness induced

by isoproterenol. J. Biol. Chem., 251, 7572-

7576.

13. Su, Y. F., Cubeddu, L. & Perkins, J. P. (1976)

Regulation of adenosine 3’:5’ monophosphate

content of human astrocytoma cells: desensiti-

zation to catecholamines and prostaglandins. J.

Cyclic Nucleotide Res., 2, 257-270.

14. Johnson, G. L., Wolfe, B. B., Harden, T. K., Mol-

inoff, P. B. & Perkins, J. P. (1978) Role of beta-

adrenergic receptors in catecholamine induced

desensitization of adenylate cyclase in human

astrocytoma cells. J. Biol. Chem., 253, 1472-
1480.

15. Lefkowitz, R. J., Muilikin, D., Wood, C. L., Gore,

T. B. & Mukherjee, C. (1977) Regulation of

prostaglandin receptors by prostaglandins and

guanine nucleotides in frog erythrocytes. J. Biol.

C/tern., 252, 5295-5303.

16. Lamprecht, S. A., Zor, U., Salomon, Y., Koch, Y.,

Ahren, K. & Lindner, H. R. (1977) Mechanism

of hormonally induced refractoriness of ovarian

adenylate cyclase to luteinizing hormone and

prostaglandin E2. J. Cyclic Nucleotide Res., 3,

69-83.

17. Conti, M., Harwood, J. P., Hsueh, A. J. W., Dufau,

M. L. & Catt, K. J. (1976) Gonadotropin-induced

loss of hormone receptors and desensitization of

adenylate cyclase in the ovary. J. Biol. C/tern.,

251, 7729-7731.

18. Williams, L. T. & Lefkowitz, R. J. (1977) Slowly

reversible binding of catecholamine to a nucleo-

tide sensitive state of the beta-adrenergic recep-

tor. J. Biol. C/tern., 252, 7207-7213.

19. Lefkowitz, R. J. & Williams, L. T. (1977) Cate-

cholamine binding to the beta-adrenergic recep-

tor. Proc. Nat. Acad. Sci. U. S. A., 74, 515-519.
20. Williams, L. T., Jarett, L. & Lefkowitz, R. J. (1976)

Adipocyte beta-adrenergic receptors. J. Biol.

Chem., 251, 3096-3104.

21. Mukherjee, C., Caron, M. G., Mullikin, D. & Lef-

kowitz. (1976) Structure-activity relationships

of adenylate cyclase-coupled beta-adrenergic re-

ceptors: determination by direct binding studies.

Mol. Pharmacol., 12, 16-31.
22. Mukherjee, C. & Lefkowitz, R. J. (1977) Regula-

tion of beta-adrenergic receptors in isolated frog

erythrocyte plasma membranes. Mol. Pharma-

col., 13, 291-303.
23. Williams, L. T., Muilikin, D. & Lefkowitz, R. J.

(1978) Magnesium dependence of agonist bind-

ing to adenylate cyclase-coupled hormone re-

ceptors. J. Biol. Chern., 253,2984-2989.

24. Pike, L. J. & Lefkowitz, R. J. (1978) Multiple

effects of N,N’dicylcohexyl carbodiimide on the

beta-adrenergic receptor-adenylate cyclase sys-

tem in frog erythrocytes. J. Cyclic Nucleotide

Res., 4, 27-34.

25. Mukherjee, C. & Lefkowitz, R. J. (1976) Desensi-

tization of beta-adrenergic receptors by beta-

adrenergic agonist.s in a cell free system: resen-

sitization by guanosine 5’-($,y-imino)tri-

phosphate and other purine nucleotides. Proc.

Nat. Acad. Sci. U. S. A., 73, 1494-1498.

26. Lefkowitz, R. J., Muilikin, D. & Caron, M. G.

(1976) Regulation of beta-adrenergic receptors

by guanyl-5’-yl imidophosphate. J. Biol. C/tern.,

251, 4684-4692.

27. Maguire, M. E., Van Arsdale, P. M. & Gilman, A.

G. (1976) An agonist specific effect of guanine

nucleotides on binding to the beta-adrenergic

receptor. Mol. Pharmacol., 12, 335-339.

28. Schramm, M. (1976) Blocking of catecholamine

activation of adenylate cyclase by N,N’dicy-

clohexyl carbodiimide in turkey erythrocytes. J.

Cyclic Nucleotide Res., 2, 347-358.

29. Rodbell, M., Lin, M. C. & Salomon, Y. (1974)

Evidence for interdependent action of glucagon

and nucleotides on the hepatic adenylate cyclase

system. J. Biol. Chern., 249, 59-65.
30. Maguire, M. E., Ross, E. M. & Gilman, A. G. 1977,

Beta-adrenergic receptor: ligand binding prop-

erties and the interaction with adenyl cyclase,

in Advances in Cyclic Nucleotide Research,

Vol.6 (Greengard, P. & Robison, G. A., editors).

Raven Press, New York, 1-83.

31. Lefkowitz, R. J., Mullikin, D. & Williams, L. T.

(1978) A desensitized state of the beta-adrener-

gic receptor not associated with high affinity

agonist occupancy. Mol. Pharmacol., 14, 376-

380.



MOLECULAR PHARMACOLOGY, 16, 21-33

The Pharmacological Specificity of Beta-i and Beta�2 Adrenergic

Receptors in Rat Heart and Lung in Vitro

KENNETH P. MINNEMAN,’ LINDA R. HEGSTRAND2 AND PERRY B. MOLINOFF

Department of Pharmacology, University of Colorado Medical Center, Denver, Colorado 80262

(Received September 19, 1978)

(Accepted January 26, 1979)

SUMMARY

MINNEMAN, KENNETH P., LINDA R. HEGSTRAND, AND PERRY B. M0LIN0FF: Phar-

macological specificity of beta-i and beta-2 adrenergic receptors in rat heart and lung
in vitro. Mol. Pharmacol. 16, 21-33 (1979).

The potency and selectivity of a variety of agonists and antagonists were determined for
fl-i and fl-2 adrenergic receptors on membranes prepared from rat ventricular muscle and
lung. Activation or inhibition of fl-adrenergic receptor stimulated adenylate cyclase

activity and inhibition of specific (‘25I)-iodohydroxybenzylpindolol binding were used as

in vitro measurements of receptor occupancy. With both assays the relative potencies of
isoproterenol, epinephrine and norepinephrine with cardiac membranes was approxi-

mately 1:10:10, indicating a population of mainly fl-i adrenergic receptors. With mem-
branes from lung the order of potency of these compounds was approximately 1:10:100,
indicating a population mainly of fl-2 adrenergic receptors. Several drugs previously
reported to be fl-2 selective agonists (salbutamol, soterenol, salmefamol, zinterol and
fenoterol) activated adenylate cyclase in the lung but not in the heart. These compounds
turned out to be partial agonists and isoproterenol-stimulated adenylate cyclase activity
was inhibited by them in both tissues. Several compounds previously reported to be

either fl-i (dobutamine) or fl-2 (terbutaline and metaproterenol) selective agonists had
similar potencies for stimulation of adenylate cyclase from both tissues. A series of
compounds reported to be fl-i selective antagonists were also investigated. Metoprolol
and practolol were 10-fold, and atenolol was 3-fold more potent in the heart than the

lung. Butoxamine, a fl-2 antagonist, was 2-4 fold more potent in the lung than the heart,
while H35/25 showed no specificity. The ability of antagonists to inhibit [‘25I]-iodohy-

droxybenzylpindolol binding to membranes prepared from the heart and lung agreed well
with their effects on adenylate cyclase. The fl-2 selective a�onists zinterol and salmefamol
also showed a 10-50 fold greater potency in inhibiting [‘5I]-iodohydroxybenzylpindolol
binding in the lung than the heart. However salbutamol, soterenol and fenoterol, which
selectively activated adenylate cyclase in the lung, inhibited [‘25I]-iodohydroxybenzylpin-

dolol binding in the two tissues with equal potency. This apparent discrepancy appears
to be due to the fact that these drugs which are partial agonists in the lung are competitive
antagonists in the heart, and that the K1 values in the heart are very similar to the K5�1
values in the lung.
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INTRODUCTION

Catecholamines have been implicated in
the regulation of a wide variety of physio-
logical processes. Ahlquist (1) has proposed
the existence of two classes of receptors for

catecholamines (termed a and fl) with dif-
fering pharmacological specificities. As de-

fined by Ahlquist (1) a-adrenergic receptors
are stimulated by agonists with the potency

order of epinephrine>norepinephrine>
isoproterenol while fi-adrenergic receptors
are stimulated by agonists with the potency

order of isoproterenol> epinephrine>
norepinephrine.

Further work showed that fi-adrenergic
receptors in a number of tissues stifi showed
significant differences in their pharmaco-
logical specificity. For example, the fl-ad-

renergic receptors regulating lipolysis and
myocardial contractility showed similar
pharmacological specificities for a series of

substituted catecholamines (2). Those me-
diating bronchodilation and vasodilation,
however, showed agonist potencies which
were different from the receptors involved

in regulating adipose and cardiac tissue. It

has been suggested that fl-adrenergic recep-
tors should be further subdivided into at
least two different subtypes (termed fl-i

and fl-2) (3). fl-i Adrenergic receptors are
found in the heart (controlling contractility
and rate) and in adipose tissue (controlling
lipolysis) and are stimulated by isoprotere-
nol>�epinephrine�norepinephrine. fl-2 Ad-

renergic receptors are found in skeletal
muscle (controlling glycogenolysis) and
smooth muscle (controlling relaxation) as
well as in the liver (controffing glycogenol-
ysis (4)). The order of potency of catechol-
amines in stimulating fl-2 adrenergic re-

ceptors is isoproterenol> epinephrine>
norepinephrine (5).

Some evidence suggests that even single

organs may iiot have homogeneous popu-
lations of fl-i or fl-2 adrenergic receptors
but that these two types of receptor can

coexist in the same organ (6). There is also
some evidence consistent with the idea that
there are more than two types of fl-adre-

nergic receptor (7). Ahlquist (8) has even
proposed that fl-adrenergic receptors in
each tissue may have their own unique

pharmacological specificity. These hy-

potheses have proved difficult to investi-
gate due to the lack of a method for bio-
chemically measuring the relative propor-

tions and properties of the different recep-
tor types, as well as due to controversy over
the relative specificities of particular drugs.

fl-Adrenergic receptors cause most of

their physiological effects by activating

adenylate cyclase and thereby increasing
intracellular levels of cyclic AMP (9). Cat-
echolarnine-stimulated adenylate cyclase

activity can often be demonstrated in tissue
homogenates and can be used as a measure
of receptor occupancy (10). In addition it
has recently become possible to study fi-
adrenergic receptors in vitro by monitoring
the specific binding of radiolabelled high
affinity ligands (ii). In this study these two

techniques have been used to determine
the in vitro pharmacological specificity of
fl-adrenergic receptors in rat heart (which

should be mainly fl-i) and in rat lung
(which should be mainly fl-2). The poten-
cies of a variety of agonists and antagonists
as inhibitors of the specific binding of

IHYP3 to fl-receptors in the heart and lung
was examined, as was the ability of these

compounds to stimulate or inhibit adenyl-
ate cyclase activity in homogenates of these
tissues.

METHODS

Preparation of heart and lung homoge-

nates. Male Sprague-Dawley rats were
killed by decapitation or cervical disloca-
tion. The ventricles were dissected free of
the atria and great vessels and used without
further dissection as a source of cardiac
tissue. Ventricles (average weight 0.8 g) or

whole lung (average weight 1.4 g) were ho-
mogenized with a Bnnkmann Polytron

(setting 5-7) for 10-15 sec in 20 volumes of
0.9% NaCl containing 20 nmi Tris HC1, pH
7.5 (isosaline). The homogenates were used
without further purification for measure-

ment of adenylate cyclase activity. To
study IHYP binding pellets resulting from
centrifugation at 20,000 x g for 10 min were

resuspended in 200 (heart) or 600 (lung)

The abbreviations used are: IHYP, {‘2511-iodohy-

droxybenzylpindolol, SDS, sodium lauryl sulfate.

I
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volumes of isosaline per gram wet weight.

The recovery of specific IHYP binding sites

in the 20,000 x g pellets ranged from 91-

96%.
Adenylate cyclase assay. Adenylate cy-

clase activity was determined by measuring
the conversion of (32P)-labelled ATP to
(32P)-cycic AMP and isolating the product

using a modification of the method of Sal-

omon et al. (12). The reaction was carried
out in a final volume of 0.2 ml including
tissue homogenate (5 mg tissue wet weight),

and 50 mx’i Tris-maleate (pH 7.5), 0.25 mi�i
ATP, 1.0 mlvi MgCl2, 0.5 nmi EGTA, 5 rimi
cyclic AMP, 0.75 mi�i 3-isobutylmethylxan-
thine, 0.1 mg/mi creatine kinase, 10 mi�i
creatine phosphate, 1-2 million cpm a-

(32P)-ATP, and appropriate drugs. Incuba-
tions were initiated by the addition of tissue

and were carried out for 10 mm at 30#{176}C.

The reaction was terminated by the addi-
tion of 0.1 ml of a solution containing 50
mM Tris-maleate (pH 7.5), 5 m�i ATP and
10% SDS. The reaction tubes were placed
in a boiling water bath for 10-20 mm to
solubiize the tissue so that membrane pro-

teins did not subsequently impede the flow
of the columns. The volume of the samples
was then increased to 1.0 ml by the addition

of 0.7 ml distilled water, and the (32P)-cyclic
AMP was purified using consecutive Dowex

and alumina columns essentially as de-
scribed by Salomon et al. (12).

Samples were poured into plastic col-
umns (0.8 x 25 cm, Kontes Glass Co.) con-
taining 0.8 x 2.5 cm of Dowex analytical

grade cation exchange resin AG5OW-X4,
200-400 mesh, previously washed with 2 nil

of 1 N HC1 and 5 ml of deionized water.
Samples were allowed to drip through and

the eluates were discarded. The columns
were washed with 3 ml of deionized water
and were then placed directly above similar
plastic columns containing 0.6 g neutral
alumina. The (32P)-cyclic AMP was then

eluted with water (4 ml) from the Dowex
onto the alumina columns. The eluate from
the alumina columns was discarded. The
alumina columns were then placed directly
over scintifiation vials and the (32P)-cycic
AMP was eluted in 2 ml of 50 mr�i Tris HC1
(pH 8.0). Fifteen mffliliters of a Triton-

based scintillation fluid was added and ra-

dioactivity determined. Recovery of cyclic
AMP through the column purification was

determined by running duplicate samples
containing (3H)-cycic AMP instead of
(32P)-ATP and calculating the percentage
recovered. The recovery for the entire pro-

cedure was routinely 60% and results re-
ported have been corrected for recovery.

The Dowex and the alumina columns
could be used upwards of fifty times with
appropriate recycling procedures. After
each use the Dowex columns were washed

with 2 ml of 1 N HC1 and then with 5 ml of
deionized water. The columns were then
stored in deionized water and were reused
without further manipulation. After eluting

the (32P)-cycic AMP from the alumina col-
umns, the columns were stored dry without
further manipulation. Immediately before

the next experiment the alumina columns
were washed with 10 ml of 50 m�i Tris HC1

(pH 8.0). Reaction blanks (which were nor-
mally 30-40 cpm per 1.5 million cpm added)
did not increase over a period of two
months with daily use of the same columns.
Adenylate cyclase activity was linear under
these conditions with time up to at least 12

mm and linear with tissue concentration up
to at least 20 mg tissue (wet weight) per

tube.
fi-Adrenergic receptor stimulated ade-

nylate cyclase activity in heart and lung.
Isoproterenol-stimulated adenylate cyclase

activity was measured in homogenates of
heart and lung. This stimulation was ster-

eospeciflc, was stereoselectively blocked by
i-propranolol, and was apparently me-
diated through a fl-adrenergic receptor.

Basal adenylate cyclase activity in the
heart was 6.1 ± 0.86 pmole cyclic AMP
formed/mm/mg protein and activity was
stimulated from 200-400% by isoproterenol.
Basal adenylate cyclase activity in the lung
was 2.9 ± 0.66 pmole cyclic AMP formed/

mm/mg protein and was routinely stimu-
lated 80-120% by isoproterenol. While 98%
of both basal and isoproterenol-stimulated

adenylate cyclase activity from the heart
were recovered in the pellet after centrifu-

gation for 10 mm at 20,000 x g, only 8-10%
of the adenylate cyclase activity in the lung
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was recovered after this procedure. Half of

this loss of activity in the lung was due to
removal of GTP, which activated both

basal and isoproterenol-stimulated activity
in the pellet by approximately 5-fold while
having no effect on activity in the crude

homogenate. The remainder of the original

activity was restored in a dose-dependent
manner by the readdition of the supemna-
tant to the assay tubes. There are appar-

ently one or more factors in lung homoge-
nates in addition to GTP which are re-
quired for maximal levels of adenylate cy-
clase activity. This is not a fl-adrenergic
receptor mediated activation, since the fold

stimulation by isoproterenol is the same in
the presence and absence of the superna-
tant, even though basal activity is doubled

(unpublished observations). To retain an
easily measurable amount of activity, ade-

nylate cyclase activity was routinely deter-
mined on crude homogenates of both heart
and lung, while binding studies were per-
formed on the 20,000 x g pellets to improve
the percentage of specific binding and the
reproducibility of the assays. Control ex-

periments showed no difference in the po-
tency or efficacy of norepinephrine, isopro-

terenol, epinephrine, or propranolol on ade-
nylate cyclase activity in the crude homog-
enates as compared to the 20,000 x g pellets

of heart or lung.
fi-Adrenergic receptor binding assay.

Hydroxybenzylpindolol (13) was iodinated

and IHYP was purified to theoretical spe-
cific activity (2.2 Ci4tmole) as previously
described (14, 15). An aliquot (0.15 ml) of
the crude membrane preparation of heart
or lung was incubated with IHYP (40,000-
80,000 cpm), 0.154 M NaCl and 20 nml Tris-

HC1, pH 7.5 in a total volume of 0.25 ml
(16). Binding assays were routinely carried

out in new disposable polypropylene tubes
(Sarstedt). To determine the efficacy of the
various drugs in inhibiting IHYP binding,
samples were incubated with various con-

centrations of each drug in the media de-
scribed above. Since the concentration of
IHYP (54-108 pM) was close to the Kd of
IHYP (0.1 riM), the concentration of drug
that inhibited 50% of the specific binding of
IHYP is approximately twice the K(i value

of the drug (17). Kd values were calculated

as described below.

To determine the density of binding sites,

the amount of specifically bound IHYP was
determined at 8 concentrations of IHYP.
The data were analyzed by the method of

Scatchard (19) to provide a value for the
density of receptors and the dissociation
constant (Kd) of IHYP. The concentration
of IHYP was varied over a concentration
range of 30-400 �M (22,000-300,000 cpm).

Samples were incubated for 30 mm at
37#{176}.Reactions were then stopped by adding
10 ml of 0.154 M NaCl in 20 m�i Tris buffer

(37#{176},pH 7.5) to each assay tube, and the
samples were rapidly ifitered through Gel-
man type AE glass fiber filters. Each ifiter
was washed with an additional 10 ml of
buffer, and radioactivity determined in a
gamma counter.

Specific binding of IHYP was defined as
the amount of IHYP bound in the absence
of competing ligand minus the amount
bound in the presence of 10 �LM l-isoproter-
enol. This concentration of l-isoproterenol
is one hundred times its Kd value and with

observed Hill coefficients of 0.7-0.9 corre-
sponds to occupancy of 94-98% of the re-

ceptors. Specific binding routinely repre-
sented 60-70% of total IHYP binding in
both heart and lung.

Determination of Kd, K1, and Kact values.
Kd values for the inhibition of IHYP bind-
ing for the various drugs were calculated by

the method of Cheng and Prusoff (18) using
the equation

K,, = IC�/(1 + S/K,,,)

where ICr,o = concentration of drug inhibit-
ing IHYP binding by 50%; S = concentra-

tion of IHYP; and Km = K(J value for IHYP
determined by Scatchard analysis (19). IC50
values for the drugs were determined from
dose response curves for the inhibition of
IHYP binding by the drug.

K, values for the inhibition of isoproter-

enol-stimulated adenylate cyclase activity
by various drugs were determined from the

same equation where ICr,o = concentration
of drug necessary to inhibit isoproterenol
stimulation by 50%; S = concentration of
isoproterenol; and Km = Kft(.t value for the
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stimulation of adenylate cyclase by isopro-
terenol. K, values for partial agonists were
calculated by determining the IC50 as the

concentration of drug which inhibited the
stimulation of isoproterenol over the max-

imal stimulation by the partial agonist.

Kact values were determined as the con-
centration necessary for half maximal acti-

vation of adenylate cyclase. For partial ag-
onists which did not activate adenylate cy-
clase to as great an extent as did full ago-

rusts like isoproterenol, the Kact values were
the concentrations necessary to achieve
50% of the maximal stimulation observed
for that particular drug.

DRUGS

The following drugs were generously pro-

vided as gifts: Metoprolol and terbutaline
sulfate (CIBA GEIGY); soterenol, sotalol

and zinterol (MJ-9i84-i; N-(5(2-( ( i,i-di-
methyl-2-phenyl-ethyl)amino)- 1 -hydroxy-
ethyl) -2- hydroxyphenyl) - monohydrochlo-
ride) (Mead Johnson); salbutamol and sal-

mefamol 1- (4-hydroxy-3-hydroxymethyl-
phenyl)-2-(4-methoxy-a-methylphenethyl-

amnino)-ethanol (Allen and Hanbury’s); fen-
oterol (3,5 dihydroxy-a-((p-hydroxy-a-
methyl phenethyl)amino)methyl)benzyl al-

cohol and metaproterenol sulfate (Boehrin-
ger Ingelheim, Ltd); pindolol and hydroxy-
benzylpindolol (Sandoz Pharmaceuticals);
KL 255 (Bupranolol, Sanolarzneimittel);
H35/25 ((i-(4-methylphenyl)-2-isopropyl
aminopropranolol) (Hassle); atenolol (ICI
Americas); dobutamine (Eli Lilly and Co.);
MK-950 (timolol; Merck, Sharpe and
Dohme); Cc-25 (+ and -, hydroxyphenyli-
soproterenol) (N.y. Phillips Duphar
Weesp); 1- and d-propranolol (Ayerst). Bu-
toxamine was purchased from Burroughs-
Wellcome; and Cc-34 (hydroxybenzyliso-
proterenol) and practolol were kindly pro-
vided by Dr. R. J. Lefkowitz. Other drugs
and reagents were commercially available.

RESULTS

Characteristics of IHYP binding to
heart and lung membranes. Scatchard
analysis (19) showed that IHYP bound to

a single class of high affinity receptors in
both heart and lung membranes. The cal-

culated Kd values for IHYP binding to fi-
adrenergic receptors (mean ± S.E.M. from
6 experiments) in heart (6.5 ± 0.68 x 10�

M) and lung (4.6 ± 0.47 X 10” M) were

similar. The density of binding sites (Bmax)
in the heart was 29.0 ± 2.58 fmole IHYP

bound/mg protein; while the density of

binding sites in the lung was substantially

higher: 186 ± 7.9 fmole IHYP bound/mg
protein).

Effects of catecholamines on IHYP

binding and adenylate cyclase activity in

rat heart and lung. Isoproterenol, epineph-
mine and norepinephrine caused an increase

in adenylate cyclase act� iity and inhibited
specific IHYP binding in heart and lung
(Fig. 1). The effects of these compounds

were stereoselective, with the (d)-isomers

being much less potent than the corre-
sponding (1)-isomers (Table 1). For each

drug, the Kd value for inhibiting IHYP
binding was in relatively good agreement

with the Kact value for stimulating adenyl-
ate cyclase activity in the same tissue. The
potencies of isoproterenol and epinephrine
were similar in heart and lung, with isopro-

terenol being about 10-fold more potent in
both tissues. However, while norepineph-
mine was approximately equipotent with ep-
inephrine in the heart, it was about 10-fold
less potent than epinephrine in the lung.

The order of potency of these catechol-
amines in inhibiting IHYP binding and ac-
tivating adenylate cyclase in the heart (iso-
proterenol> epinephrine = norepinephrine)
is that expected of a fl-i adrenergic recep-
tor. In the lung, on the other hand, the
order of potency of these compounds

(isoproterenol > epinephrine> norepineph-
mine) suggests a population of mainly fl-2
adrenergic receptors.

Effect of “specific” fl-i and fl-2 adrener-
gic agonists on adenylate cyclase activity

in rat heart and lung. A number of drugs
have been reported to be specific agonists
for fl-2 adrenergic receptors on isolated or-
gan preparations or in vivo. Five of these
drugs (soterenol, zinterol, fenoterol, salme-
famol and salbutamol) selectively activated

adenylate cyclase activity in rat lung (Table

2). The stimulation of adenylate cyclase
activity caused by these compounds was
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FIG. 1. Effect of isoproterenol, epinephrine and norepinephrine on adenylate cyclase activity and specific

IHYP binding in rat heart and lung

The effects of l-isoproterenol (� #{149}),l-epinephrine (O--O), and l-norepinephrine (A-A) were

determined on adenylate cyclase activity (left) and specific IHYP binding (right) in membranes from rat heart

(top) and lung (bottom). Each graph is representative of at least three similar experiments. The three agonists

showed equal efficacy in that adenylate cyclase was activated to the same extent in each case.

TABLE 1

Potency of catecholamines on /3-adrenergic receptors in rat heart and lung in vitro

The K,, value for the inhibition of specific IHYP binding and the � for activation of adenylate cyclase were

determined for the 1- and d-isomers of isoproterenol, epinephrine and norepinephrine in membranes prepared

from heart and lung as described in METHODS. For the I-isomers the values are the means ± S.E.M. of 3 or more

determinations. For the d-isomers the values are the average of 2 determinations.

Drug Kd for inhibition of specific IHYP K,,,1 for activation of adenylate
binding cyclase

Heart Lung Ratio Heart Lung Ratio

1-Isoproterenol 0.050 ± .008 0.101 ± .021 2.02 0.117 ± .042 0.178 ± .015 1.52

d-Isoproterenol 13.4 24.6 1.84 40 60 1.50

l-Epinephrine 0.90 ± .211 1.46 ± .167 1.62 1.50 ± .289 0.60 ± .150 0.40

d-Epinephrine 210 35.7 0.17 30 50 1.67

l-Norepinephrine 0.82 ± .238 9.18 ± .769 11.19 1.10 ± .231 7.75 ± 1.03 7.04

d-Norepinephrine 168 179 1.06 300 700 2.33

not additive with the stimulation caused by

isoproterenol and appeared to be mediated
through a fi-adrenergic receptor (Figs. 2, 3
and 4). Four of these compounds, soterenol,
zinterol (Figs. 2 and 3) and salbutamol and

salmefamol (Fig. 4) had no effect on ade-
nylate cyclase activity in the heart. Feno-
terol did stimulate adenylate cyclase activ-
ity in the heart (Fig. 3), but the Kact value
was higher in the heart than in the lung

(Table 2). Zinterol and soterenol (Figs. 2

and 3, Table 2) were partial agonists in the
lung, and at higher concentrations inhibited
isoproterenol-stimulated adenylate cyclase
activity. These compounds were competi-

tive antagonists in the heart and dose-de-
pendently inhibited adenylate cyclase ac-
tivity (Figs. 2 and 3). Fenoterol, on the
other hand was a full agonist in the lung

but a partial agonist in the heart (Fig. 3).
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FIG. 2. Effect of zinterol on basal and isoprotere-

nol-stimulated adenylate cyclase activity in rat heart

and lung

The effect of zinterol on adenylate cyclase activity

in rat heart (left) and lung (right) was examined in the

absence (#{149} #{149})or the presence of 10 M

(O-O), 106 M (A-A), or 10� M (x-x) I-

isoproterenol.

Two drugs (salbutamol and salmefamol)

further increased adenylate cyclase at
higher concentrations. This effect was ap-

parently unrelated to fi-adrenergic recep-
tors (i.e., additive with isoproterenol stim-
ulation) (Fig. 4).

Other drugs which have been previously
reported to be specific fl-i (dobutamine) or
fl-2 (metaproterenol, terbutaline) agonists

activated adenylate cyclase with equal po-
tency in heart and lung (Table 2). These
compounds were only partial agonists. Cc-
34 and Cc-25 were full agonists in both

heart and lung. They were also equipotent
in heart and lung (Table 2).

Effect of “specific” fl-i and fl-2 adrener-
gic agonists on IHYP binding in rat heart
and lung. Two fl-2 agonists (zinterol and

salmefamol) which selectively stimulated
adenylate cyclase activity in rat lung also
showed a significantly greater potency in
inhibiting IHYP binding in rat lung than

rat heart (Fig. 5). Zinterol was 50-fold more

potent in inhibiting IHYP binding in rat
lung than in rat heart, and salmefamol was
10-fold more potent against IHYP binding
in the lung than in the heart (Table 2). On
the other hand, several other drugs (soter-
enol, salbutamol and fenoterol), which se-
lectively activated adenylate cyclase in the
lung but not in the heart, were approxi-
mately equipotent in inhibiting specific

IHYP binding in heart and lung (Table 2).
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FIG. 3. Effect of 13-2 selective agonists on adenyl-

ate cyclase activity in rat heart and lung

The effect of soterenol (left) and fenoterol (right)

on adenylate cyclase activity in crude homogenates of

rat heart (top) and rat lung (bottom) were determined

in the absence (#{149} #{149})and presence (0- - -0) of 30

IIM l-isoproterenol. Each point is the mean of duplicate
determinations on a single animal and each graph is

representative of at least two similar experiments.

Basal activity in the heart was 6.1 ± 0.86 pmole cAMP

formed/minute/mg protein and activity was routinely

stimulated 200-400% by 30 /LM l-isoproterenol. Typical

basal activity in the lung was 2.9 ± 0.66 pmole cAMP

formed/minute/mg protein and was routinely stimu-

lated 80-120% by 30 �a l-isoproterenol.

These drugs were more potent in inhibiting
IHYP binding in the heart than had been
expected from their ability to activate ade-
nylate cyclase activity (i.e., Kd < Kact).
However, as noted above, soterenol is a
competitive antagonist in the heart and

fenoterol is a partial agonist, and when the
potencies of these compounds as inhibitors
of adenylate cyclase were compared to their
potencies as inhibitors of IHYP binding, a
good correlation was observed (i.e., Kd =

K1). Salbutamol showed no inhibition of
adenylate cyclase activity up to 1 nmi even
though its K1 for displacing IHYP was 1.51
�tM. However, this drug also had nonspecific
effects on adenylate cyclase (Fig. 4) which



PHARMACOLOGICAL SPECIFICITY OF fl-i AND fl-2 ADRENERGIC RECEPTORS 29

may explain this apparent discrepancy. no specificity in activating adenylate cy-
The drugs dobutamine, metaproterenol, clase in heart or lung also showed no selec-

terbutaline, Cc-34 and Cc-25 which showed tivity in inhibiting IHYP binding in heart
and lung (Table 2). Good agreement was

�- observed between Kd and Kact for these

agents.- 128

- Effect of “specific” fl-i and fl-2 adrener-
32 -� -

.2t - ‘

gic antagonists on adenylate cyclase activ-

ity in rat heart and lung. Several drugs
- , which have been reported to selectively

6 8 #{149}..

2 4.

--

antagonize either fl-i or fl-2 adrenergic re-

ceptors in vivo or in isolated organs were

tested for their ability to inhibit isoproter-
- �i-�7- D - enol-stimulated adenylate cyclase activity
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in rat heart and lung. The fl-i adrenergic

receptor antagonists metoprolol and prac-
tolol showed a marked selectivity, and were
10-fold more potent in inhibiting isoproter-

enol-stimulated adenylate cyclase activity
.
in the heart than m the lung (Table 3).

Atenolol, which has also been reported to

- - - - -
- ‘0

48 20 -

be a fl-i specific antagonist showed only a

slightly greater potency (2-fold) in the heart

than in the lung.

FIG. 4. Effects of salbutamol and salmefamol on

adenylate cyclase activity in rat heart and lung

The effect of increasing concentrations of salbuta-

niol (left) and salmefamol (right) was determined on
.

adenylate cyclase activity in crude homogenates of rat

heart (top) and rat lung (bottom) in the absence

(#{149} #{149})or presence (0- - -0) of 30 �M l-isoprotere-

nol. Each point is the mean of duplicate determina-

tions on a single animal and each graph is represent-

Although butoxamine has been reported

to specifically antagonize fl-2 adrenergic re-
ceptors it was only slightly more potent in

the lung than in the heart (Table 3). H35/
. -

25 which has also been reported to specif-
. . .

ically mhibit fl-2 adrenergic receptors,
showed approximately equal potency in in-
hibiting isoproterenol-stimulated adenylate
cyclase activity in membranes prepared

ative of at least two similar experiments, from lung and heart (Table 3). Other fi-
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FIG. 5. Effect offi-1 and 13-2 selective drugs on specific IHYP binding in rat heart and lung

The effect of metoprolol, practolol, zinterol and salmefamol on specific IHYP binding was measured in

membranes from rat heart (#{149} #{149})and rat lung (0- --0). Each point is the mean of duplicate determinations

from three animals.




