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TABLE 3

Effect of f3-adrenergic antagonists on fl-i and f3-2-adrenergic receptors in vitro in rat heart and lung

The effect of each drug was determined on adenylate cyclase activity and IHYP binding in rat heart and

lung. K, and Kd values were determined as described in METHODS. For adenylate cyclase measurements each

value is the range or mean (if values did not differ significantly) of 2 determinations. For IHYP binding each

value is the mean ± S.E.M. of 3 separate experiments. All values are expressed as �LM.

Drug K, for inhibition of adenylate K,, for inhibition of specific IHYP binding Observed
cyclase stimulated by 10 j�M iso- specificity

proterenol

Heart Lung Ratio Heart Lung Ratio

Practolol 0.5-1.0 8.0-11.0 12.66 1.10 ± 0.32 26.0 ± 11.7 23.6 10-20 fold

more po-

tent on /3

Metoprolol 0.07-0.17 1.0-1.2 9.17 0.22 ± 0.048 3.63 ± 0.98 16.5 10 fold more

potent on

/31

Atenolol 0.5-1.0 1.5-2.0 2.33 1.59 ± 0.57 6.76 ± 0.89 4.25 3-4 fold more

potent on

,81

Butoxamine 3.3-10 1.0-1.7 0.21 7.03 ± 2.09 3.55 ± 0.58 0.50 none

H35/25 0.7-2.0 0.7-1.0 0.63 1.97 ± 0.79 0.84 ± 0.18 0.43 none

l-propranolol 0.0056 0.0014 0.25 0.0017 ± .0009 0.00064 ± .000055 0.38 none

d-propranolol 0.61 0.52 0.85 0.20 ± .037 0.14 ± .017 0.70 none

Pindolol 0.0083 0.0075 0.90 0.0012 ± .00016 0.0010 ± .00021 0.83 none

Sotalol 2.31 1.21 0.52 1.18 ± 0.33 0.75 ± 0.10 0.64 none

MK950 0.0049 0.0040 0.82 0.0018 ± .00069 0.00093 ± .00027 0.51 none

KL255 0.0033 0.0033 1.00 0.0040 ± .00060 0.0014 ± 0.00026 0.35 none

adrenergic receptor antagonists which have
not been reported to be specific for fl-i or
fl-2 receptors (d- and l-propranolol, pin-
dolol, sotalol, MK 950, and KL 255) also
showed equal potency on adenylate cyclase

from both heart and lung (Table 3).
Effect of “specific” fl-i and fl-2 adrener-

gic receptor antagonists on IHYP binding

in rat heart and lung. The effects of fi-
adrenergic receptor antagonists on inhibit-

ing specific IHYP binding in heart and lung
agreed well with the effects observed on
isoproterenol-stimulated adenylate cyclase
activity (Table 3). The Kd values for in-
hibiting IHYP binding were well correlated
with the K, values for inhibiting isoproter-

enol-stimulated adenylate cyclase activity.
The fl-i antagonists metoprolol and prac-
tolol, which were about 10-fold more potent

inhibitors of adenylate cyclase activity in
the heart than in the lung, were also about
10-fold more potent in inhibiting IHYP

binding in the heart than in the lung (Fig.
5, Table 3). Atenolol again showed a small
specificity for heart fl-receptors; this drug

was 4-fold more potent in inhibiting IHYP

binding in the heart than in the lung (Table
3). The fl-2 receptor antagonist butoxamine

was slightly (2-fold) more potent in the lung
than the heart, and again H35/25 showed
no apparent selectivity.

DISCUSSION

The existence of two subtypes of fl-ad-
renergic receptors was first postulated by
Lands et al. (3, 4). According to this classi-
fication, the fi-adrenergic receptors in car-
diac and adipose tissue, which have a high
affinity for norepinephrine, are called fl-i

receptors, while the fl-adrenergic receptors
mediating smooth muscle relaxation in the
trachea, vascular beds, bronchial smooth

muscle and uterus, which have a relatively
low affinity for norepinephrine, are called
fl-2 receptors.

Frequently, however, the pharmacologi-
cal specificity of receptors in different organ
preparations are not identical (7). This has

led to the suggestion that there may be
more than two subtypes of fi-adrenergic
receptors. In particular, it has been sug-

gested that the fl-2 receptors mediating
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bronchial relaxation may be distinct from
the fl-2 receptors mediating vasodilation

(7). These conclusions were based on the
relative potencies of various drugs in in

vivo, in situ or isolated organ preparations.
It has been shown, however, that the ap-
parent selectivity of a large number of drugs

for tracheal fl-receptors as compared to vas-
cular fl-receptors is actually due to dif-
ferences in the extra-neuronal uptake of
these compounds (20). In the presence of
inhibitors of extraneuronal uptake (such as
phenoxybenzamine), these compounds

show little or no selectivity. In any case,
pharmacological data obtained with intact

preparations is frequently open to alterna-
tive interpretations, since the potency of a
particular drug on a particular preparation
can be influenced by a number of factors in

addition to the affinity of the drug for the

receptor. These factors may include access
of the drug to the receptor, the relative
lipophilic or hydrophiic nature of the drug,

the chemical stability or the susceptibility
of the drug to degradative enzymes, and
membrane-stabilizing effects of the drug.

Another hypothesis that has been ad-

vanced to explain observed differences in

the exact pharmacological specificity of fi-
adrenergic receptors in different tissues
suggests that all the fl-adrenergic receptors
in a particular organ may not be of a single

subtype, but that both fl-i and fl-2 recep-
tors may coexist in the same organ and that

stimulation of both types of receptors will
result in the same physiological response
(6). If this were the case, differences in the
relative percentage of fl-i and fl-2 receptors
in different tissues would result in varia-
tions in the exact pharmacological specific-
ity for a particular physiological response.

One approach to obtaining information
on the pharmacological specificity of fl-ad-
renergic receptors invokes direct in vitro

determination of receptor properties in tis-
sue homogenates. Since fl-adrenergic recep-
tors are usually linked to adenylate cyclase,
the stimulation or inhibition of stimulation
of this enzyme in tissue homogenates is
usually taken as a measure of receptor oc-
cupancy. Studies using these methods to
characterize the pharmacological specific-
ity of fi-adrenergic receptors in various tis-

sues (5, 22-25) have generally concluded
that practolol and metoprolol are about 10-
fold more potent in inhibiting isoprotere-
nol-stimulated adenylate cyclase activity in

the heart than in the lung, tracheal ring or
liver. There is also agreement that salbu-

tamol and soterenol activate adenylate cy-
clase in the lung but not in the heart. The

effects of butoxamine, on the other hand,
are controversial. Mayer (5) reported that
butoxamine was 20-fold more potent in the
liver than the heart while Burges and
Blackburn (22) found butoxamine to be
only 4-fold more potent in the lung than in
the heart, and Lefkowitz (25) found that
butoxamine was equipotent in heart and
lung and only 2-fold more potent in the

liver.

The recent development of techniques
for monitoring the specific high affinity

binding of radiolabelled fi-adrenergic antag-
onists to tissue fragments has made it pos-
sible to directly measure fi-adrenergic re-

ceptors in vitro (ii). This technique offers
significant advantages over studies of fl-ad-
renergic receptors carried out by measuring

the stimulation of adenylate cyclase activ-
ity since it does not depend on the assump-
tion that all fi-adrenergic receptors are
linked to adenylate cyclase, or that receptor

occupancy is linearly associated with ade-
nylate cyclase activation.

In this paper the effects of a number of
fi-adrenergic agonists and antagonists on

adenylate cyclase and specific IHYP bind-
ing in rat heart and lung have been exam-
ined. IHYP showed no selectivity for the

fi-adrenergic receptors in the heart or lung,
as it bound to a single class of high-affinity
binding sites with the same affinity in both

tissues. The Kact or K, values of these drugs
for the activation or inhibition of adenylate
cyclase activity and the Kd values for the
inhibition of specific IHYP binding showed
a good correlation in these tissues, suggest-
ing that the two techniques are measuring

the same receptor population.
In confirmation of previous reports (22,

24), the fl-i antagonists practolol and me-
toprolol were 10-fold more potent in inhibit-
ing isoproterenol-stimulated adenylate cy-
clase activity in the heart than in the lung.
These drugs were also more potent inhibi-
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tors of specific IHYP binding in the heart
than the lung. Atenolol, another fl-i antag-
onist, showed a smaller but similar selectiv-
ity for the fi-adrenergic receptors in the
heart. Butoxamine, which has been classi-

fled as a fl-2 antagonist in vivo, showed

only a small (2-4-fold) selectivity for the
fl-2 adrenergic receptors in the lung in vitro.
H35/25, a drug of the same chemical class
as butoxamine which has been reported to

be a fl-2 selective antagonist, showed no
selectivity between heart and lung.

Compounds that have been reported to

be selective fl-2 agonists (salbutamol, soter-
enol, fenoterol, zinterol and salmefamol)
showed a marked selectivity in activating
adenylate cyclase in the lung but not in the
heart. These drugs were not nearly as se-

lective in inhibiting IHYP binding, how-
ever, as only zinterol and salmefamol were
significantly more potent in the lung than

the heart. The reason for this apparent
discrepancy is that these drugs are partial
agonists in the lung but competitive antag-
onists in the heart. The Kd values for these
drugs in the heart agree very well with the
K1 values calculated from the inhibition of
adenylate cyclase. Since the inhibition of
IHYP binding does not distinguish between
antagonists and agonists, these drugs are

equipotent in the two tissues.
On the other hand, some compounds re-

ported to be either fl-i (dobutamine) or fi-
2 (terbutaline and metaproterenol) selec-
tive agonists in physiological studies
showed no selectivity in these in vitro tests.
The reported selectivity of these drugs may
be due to factors other than differences in

receptors.
The results suggest that the fi-adrenergic

receptors in rat heart and lung display dif-

ferent pharmacological specificities in vitro,

consistent with the existence of more than
one type of fl-adrenergic receptor. Although
not all drugs reported to be selective in vivo

or in situ displayed selectivity in vitro,
those drugs which did show selectivity in

vitro showed the predicted selectivity, that
is, fl-i-selective compounds were more po-

tent in the heart than in the lung, and fl-2-
selective compounds were more potent in
the lung than in the heart. The goal of these
studies was to develop a method for mea-

suring the relative concentrations of 1

and fl-2 adrenergic receptors and to deter-

mine the affinities of a variety of drugs for
fl-i and fl-2-adrenergic receptors in tissues

with heterogeneous populations of the two
receptor subtypes. Such a method has been

developed and the results are presented in

the following paper.
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SUMMARY

MINNEMAN, KENNETH P., LINDA R. HEGSTRAND, AND PERRY B. MOLINOFF: Simul-

taneous determination of 1 and fl-2-adrenergic receptors in tissues containing both

receptor subtypes. Mol. Pharmacol. 16, 34-46 (1979).

A method for determining the relative concentrations and properties of fl-i and fl-2-
adrener�ic receptors in tissues containing both receptor subtypes has been developed.
Since (‘ 5I)-iodohydroxybenzylpindolol has similar affinities for fl-i and fl-2-adrenergic

receptors, it is possible to determine the total concentration of fi-adrenergic receptors in

a tissue by Scatchard analysis of specific (‘25I)-iodohydroxybenzylpindolol binding. In the

presence of GTP, inhibition of specific (‘251)-iodohydroxybenzylpindolol binding in rat
heart, lung and five regions of rat brain by agonists and antagonists that are not specific

for 1 or fl-2-adrenergic receptors yields linear Hofstee plots with Hill coefficients of
approximately 1.0. On the other hand, the inhibition of specific (12’81)-iodohydroxybenz-

ylpindolol binding by drugs which have been shown to have different affinities for heart
(fl-i) and lung (fl-2) receptors in vitro results in nonlinear Hofstee plots in each of these

tissues. Two of these drugs (practolol and metoprolol) are more potent on fl-i than fl-2
receptors and two of these drugs (zinterol and salmefamol) are more potent on fl-2 than

on fl-i receptors. The nonlinear Hofstee plots are consistent with there being two types
of binding sites in each of the tissues with different affinities for the drugs. The relative
number of each type of binding site and the affinity of each drug for each of the two types
of site has been calculated using a computer based iterative procedure. Using this method,

the relative percentages of the two receptor subtypes in rat heart, lung, cerebral cortex,

caudate, cerebellum, hippocampus and diencephalon were determined. In each tissue, the
use of four different drugs with different in vitro selectivity (two fl-i selective and two
fl-2 selective) resulted in approximately the same calculated fl-i/fl-2 ratio. This suggests

that the assumption that the nonlinear Hofstee plots are composed of only two compo-

nents is correct. In addition, the calculated affinity of each drug for fl-i and fl-2 receptors
was quantitatively similar in each of the seven tissues examined. The calculated ratios of
fl-i:fl-2-adrenergic receptors are: heart 83:17; lung 15:85; cortex 81:19; caudate 76:24;

cerebellum 15:85; hippocampus 81:19; and diencephalon 71:29. The absolute concentra-
tions of fl-i -adrenergic receptors in the brain regions examined varied by almost 20-fold.
However, the absolute concentration of fl-2-adrenergic receptors varied less than 3-fold.
This suggests that fl-2-adrenergic receptors in rat brain are associated with a more
homogeneously distributed cellular element than are fl-i-adrenergic receptors.
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ybenzylpindolol.

INTRODUCTION

In the preceding paper the in vitro phar-
macological specificity of fl-adrenergic re-

ceptors in rat heart and lung has been de-

fined to obtain an estimate of the pharma-

cological specificity to be expected of fl-i
and fl-2-adrenergic receptors in the central
nervous system. A number of drugs that are
cardiac- or bronchial-selective in vivo were

also shown to have markedly different af-
finities for these fl-adrenergic receptors in

vitro. Four drugs showed a marked selectiv-
ity for inhibition of specific IHYP3 binding

in heart as compared to lung. Two of these

drugs (practolol and metoprolol) have been

previously classified as fl-i-selective antag-

onists in vivo and were found to be signifi-

cantly more potent in inhibiting IHYP
binding in rat heart than in rat lung. The

other two (zinterol and salmefamol) have
been classified as fl-2-selective agonists and
were significantly more potent in inhibiting

specific IHYP binding in rat lung than in
rat heart.

Increasing evidence suggests that in some
organs, including cat and dog heart and

guinea pig trachea, both fl-i and fl-2-adre-
nergic receptors may co-exist and may me-

diate the same physiological response (1,

2). If this is true the exact pharmacological

specificity of a particular response will de-
pend on the ratio of fl-i/fl-2 receptors me-
diating that response as well as on the
relative affinities of the two types of recep-
tor for the drug in question.

Unfortunately, as documented in the pre-
ceding paper, the selectivity of particular
drugs for fl-i or fl-2-adrenergic receptors is
not absolute in vitro. Even the most selec-
tive drugs affect both receptors, although

with different affinities. This means that it
is not possible to devise conditions under
which one can selectively measure only the
fl-i receptors, or only the fl-2 receptors. A

method has therefore been developed to
analyze the kinetics of the inhibition of

specific IHYP binding in various tissues by
selective fl-i or fl-2 drugs to determine the
relative concentrations of the two receptor
subtypes.

Conditions have been established such

“The abbreviation used is: IHYP, (251) iodohydrox-

that the inhibition of IHYP binding by

nonselective drugs follows simple Michae-
lis-Menten (mass action) kinetics, yielding

linear Hofstee plots and Hill coefficients of
1.0. Under these conditions, the inhibition

of specific IHYP binding by fl-i and fl-2

selective drugs yields nonlinear Hofstee
plots and nonlinear Hill plots. As a working

hypothesis we have assumed that the non-
linear Hofstee plots were composed of only
two independent components, each of

which obeys simple Michaelis-Menten ki-
netics. The curves were then dissected into

their discrete components by a computer-
ized iterative procedure, yielding the rela-
tive proportion of each receptor subtype
and the affinity of the drug for each subtype

of receptor.
In this report results obtained with four

drugs with different selectivities for fl-i and

fl-2-adrenergic receptors are analyzed. The
results suggest that each of seven different
tissues, (including heart and lung) contain
both fl-i and fl-2 adrenergic receptors.

METHODS

Preparation of tissue homogenates.

Male Sprague-Dawley rats were killed by
decapitation; the hearts and lungs were re-
moved and placed on ice. Brains were re-

moved from the skull and the cerebellum
removed and placed on ice. A cut was made
through the corpus callosum and the cortex
was peeled back, exposing the hippocampus
and caudate which were carefully removed
and placed on ice. Any remaining white
matter was removed from the cortex which
was then placed on ice. A cut was then

made anterior to the pons to remove the

“diencephalon” which included the thala-
mus and hypothalamus.

Tissues were homogenized with a Brink-
mann Polytron (setting 5-7) for 10-iS sec
in 20 vol of “isosaline” (0.9% NaCl contain-
ing 20 m�i Tris HC1, pH 7.5). The homog-

enates were centrifuged at 20,000 x g for 10
mm, the supernatants decanted and dis-
carded, and the pellets resuspended in 150
(cerebellum, thalamus, hippocampus), 200
(heart, cortex, caudate) or 600 (lung) vol-

umes of isosaline.
fl-A drenergic receptor binding assay.

Specific binding of IHYP was determined
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as described in the preceding paper. The

concentration of IHYP ranged from 50- 100

pM. GTP was included in all binding assays

at a final concentration of 300 �tM. In bind-
ing assays of regions of rat brain it was
necessary to include 100 �tM phentolamine
to reduce nonspecific binding. This concen-

tration of phentolamine did not affect spe-
cific IHYP binding (3; see below). Specific

binding of IHYP was defined as the amount

of IHYP bound in the absence of competing

ligand minus the amount bound in the pres-
ence of 10 �LM l-isoproterenol. All binding
assays were conducted such that. bound
ligand was less than 10% of total ligand.

Average protein concentration was 65 �g/

tube. Specific binding (as a percentage of

total binding) routinely represented 70% in
heart, 60% in lung, 75% in cortex, 70% in

caudate, 60% in cerebellum, 60% in hippo-

campus and 50% in diencephalon.

Kinetic analysis and computerized dis-

section of two component Hofstee plots. All

kinetic analyses were carried out on a
WANG 2200-T computer system. Non-
weighted linear regression analysis of Scat-

chard, Hill and linear components of Hof-

stee (modified Scatchard) plots were done

by the least squares fit method.

For analysis of nonlinear Hofstee plots,
it was initially assumed that the curvature

was due to the presence of only two com-

ponents, each of which followed simple Mi-

chaelis-Menten kinetics (the validity of this

assumption is discussed below). The mag-
nitude of the contribution of each compo-
nent to the other is a function of the differ-

ence in affinity of the ligand for the two
classes of receptor as well as the relative

number of each class of binding site. A

computer based method has been devel-

oped which iteratively corrects the kinetic

values for the two classes of sites by ac-

counting for the contribution of the other

component (4).

The Hofstee plots were arbitrarily di-

vided, and the first half of the points as-

signed to the first (higher affinity) compo-

nent and the second half of the points as-

signed to the second (lower affinity) com-

ponent. A line was then calculated for the

first component using linear regression

through the points assigned to that corn-

ponent. The slope and y intercept value for
this line yielded apparent values for the Kd

(affinity) and Bmax (density of binding sites)

for this component. Using the values cal-
culated for the first component, the contri-
bution of this component to the binding
data obtained at each concentration of
ligand was used to correct the data needed

to calculate the kinetic constants of the

second component. A line was then calcu-
lated for the second component by linear

regression using the corrected data points.
This line yielded apparent Kd and Bnsax
values for the second component. Revised

kinetic constants of the first component

were then determined using the corrected
values for the first� component. A corrected

line was then calculated for the first com-

ponent, yielding a new value for the K(/ and
B,,,55. The contribution of this new first

component to the original data points of
the second component was then calculated

and the process continuously reiterated un-
til the � values of the two components

changed less than 0.5% in ten iterations.
For convenience, the program was written
such that a minimum of 20 iterations were

performed. In many cases this was suffi-

cient to obtain the desired precision; how-
ever, in some cases up to 100 iterations were
required. The calculated K1 and Bmax values

for each component at this point were taken
to represent the relative percentage of bind-
ing sites and affinities of the drug for each
binding site. As discussed below, neither

the degree of specificity of a given drug for
the two classes of receptors, the proportion
of each class of receptors, or the data points
initially assigned to each class of receptors
had any effect on the ultimate values ob-

tained. These variables did affect the num-
ber of iterations required. Final K, values
were corrected for the concentration of
IHYP by dividing ECr,o values obtained

from the slopes of the Hofstee plots by (1
+ (IHYP)/K,).

This analysis is based on the shape of the
curve and we have shown, using theoretical
data, that it makes no difference which

points are assigned to each component, or
even which points are included on the
graph. It is obvious, however, that both of
these considerations would strongly bias
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visual analysis of data of this type. Analyz-

ing the data by eye would also consistently
give a significant overestimation of the pro-
portion of the high affinity component as

the contribution of the low affinity compo-
nent would not be subtracted out. With

theoretical data (Fig. 1) we have shown

that assuming only a 20-fold specificity (i.e.,

K,, values of 1 and 20) and equal Bmax values
(SO in each case), the computer calculated

the correct kinetic characteristics of the

two components even when the lowest con-
centration of competing drug was 10 times

the K, value of the high affinity site (at this
point over 62% of total binding and 95% of
the binding to the high affinity site is al-
ready inhibited). This calculation required
160 iterations. One could not expect such

accuracy from real data due to errors in
measurements; however, the concentra-

tions of drugs routinely range from well
below the Kd of the high affinity site to well
above that of the low affinity site.

This method can be useful for analyzing
two component Hofstee plots. It must be
stressed, however, that two very important

assumptions are involved: 1) that there ex-

ist only two components, and 2) that each
component obeys simple Michaelis-Menten

(mass-action) kinetics. The validity of these
assumptions will be dealt with in detail in
the DISCUSSION.

RESULTS

Effect of phentolamine on specific and

nonspecific IHYP binding in rat brain re-

gions. Sporn and Molinoff (3) have previ-
ously reported that phentolamine, at con-
centrations of up to 100 /.LM, selectively re-
duced nonspecific IHYP binding in certain

regions of rat brain but had no effect on
specific binding. Phentolamine appeared to
inhibit specific binding in some brain re-

gions including the hypothalamus and
brain stem.

The effects of phentolamine on IHYP
binding were examined in rat cortex, cau-
date, cerebellum, hippocampus and dien-
cephalon. The data for the cerebellum are

shown in Fig. 2. The effects of increasing

concentrations of phentolamine (up to 300

JIM) on total IHYP binding, IHYP binding
in the presence of an arbitrary (10 JIM)

:0 30 o: �0 20 33

FIG. 1. Characteristics of computerized analysis

of biphasic Hofstee plots

Part (a) shows theoretical data for a line consisting

of two components. One component has a Kd of 1 and

a B5,5, of 50 and the other component has a K(, of 20

and a B,,,5, of 50. In part (b) the line is arbitrarily split

in half and lines are drawn through each half of the

curve using linear regression. The K�, and Bma, values

calculated in this way are indicated on the figure. The

numbers in parentheses in part (b) indicate K,, and
Bm,,, values calculated for the low affinity component

after the contribution of the high affinity component

has been subtracted out. Part (c) shows the lines and

calculated K,, and B�., values for each component

after 5 successive iterations. Part (d) shows the lines

and kinetic parameters for each component after 20

successive iterations. At this point the Bm&x has not

changed by 0.5% in the last 10 iterations, and the

analysis is terminated. B is the amount bound and S

is the concentration of competing drug.

concentration of d-isoproterenol, and IHYP

binding in the presence of the same concen-

tration of l-isoproterenol were determined.

The difference between binding in the pres-
ence of d-isoproterenol and binding in the
presence of l-isoproterenol represents bind-
ing to some but not all of the fl-adrenergic

receptors in the preparation. This differ-
ence does not represent binding to all the

specific binding sites since d-isoproterenol

at this concentration also inhibits some spe-
cific binding (see preceding paper). Al-
though total binding was markedly reduced

by phentolamine the specific binding sites
measured in this manner were not affected
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FIG. 2. Effect of phentolamine on IHYP binding

in rat cerebellum

The left hand side of the figure shows the effect of

increasing concentrations of phentolamine on total

(x-x) IHYP binding, IHYP binding in the pres-

ence of 10 zM d-isoproterenol (#{149} #{149}),IHYP binding

in the presence of 10 �LM l-isoproterenol (O-O), and

the difference between binding in the presence of d-

and /-isoproterenol (A---A). The right hand side of

the figure shows the effect of increasing concentrations

of l-isoproterenol on IHYP binding in the absence

(x-x) or the presence of 30 �M (D-D) or 100

fIM (U U) phentolamine. Inset in the lower left

hand corner is the difference (in cpm) between total

IHYP binding in the presence of a maximal inhibitory

concentration of l-isoproterenol (10 �sM) for each phen-

tolamine (PHENT) concentration. Conditions were as

described in the text and each point is the mean of

duplicate determinations from three separate animals.

by concentrations of phentolamine up to

300 JIM. Similar results were obtained in
each of the other brain regions examined.
The effect of phentolamine has not been

examined in either heart or lung. The high

proportion of specific binding in these tis-
sues makes it unnecessary to include this

compound.
To define total specific binding, the ex-

periment in the second part of Fig. 2 was

performed. Dose-response curves for the

inhibition of IHYP binding by l-isoproter-
enol were done in the absence and presence
of 30 and 100 JIM phentolamine. l-Isoproter-
enol at concentrations up to 10 JIM caused

a dose-dependent inhibition of IHYP bind-
ing. Increasing the concentration of 1-iso-

proterenol another 10-fold caused no fur-
ther decrease in binding. The difference

between binding in the absence of l-isopro-
terenol and binding in the presence of 10

JIM isoproterenol was identical in the pres-

ence or absence of phentolamine. However,

the percentage of specific binding increased

from 35% in the absence of phentolamine

to 56% in the presence of 100 JIM phentol-

amine. Binding inhibited by 10 JIM isopro-
terenol was taken as a definition of total
specific binding. Similar results were ob-

served in the other brain regions studied.
Inhibition of nonspecific IHYP binding

in rat lung and cerebellum by zinterol and
salmefamol. Zinterol and salmefamol, in

addition to inhibiting specific IHYP bind-
ing, also inhibited nonspecific IHYP bind-
ing in some tissues. To correct for possible
errors in determining the kinetics of inhi-

bition of specific IHYP binding by these
drugs in these tissues, the effect of the drugs
on IHYP binding was measured in the pres-

ence and absence of 10 JIM /-isoproterenol.
Zinterol and salmefamol inhibited nonspe-

cific binding (i.e.,binding in the presence of

10 JIM l-isoproterenol) in the lung at con-
centrations where they did not completely
inhibit specific IHYP binding (Fig. 3). The

difference between binding in the absence

and binding in the presence of 10 JIM 1-

isoproterenol was taken to represent spe-
cific binding. Similar effects were observed
for these two drugs in the cerebellum (data

not shown). However, these drugs did not

affect nonspecific binding in other tissues.

Inhibition of specific IHYP binding by

nonselective agonists and antagonists.

Previous work has shown that although the
interaction of antagonists with the fi-adre-

nergic receptor follows simple Michaelis-

Menten kinetics (i.e.,has a Hill coefficient
of 1.0) the effects of agonists on inhibiting

IHYP binding often show shallow displace-
ment curves consistent with apparent neg-

ative cooperativity (i.e., Hifi coefficients of
0.6-0.7) (3, 4). This apparently agonist-spe-
cific negatively cooperative inhibition of

binding disappears in the presence of GTP.

Inclusion of GTP in the assay leads to a

four- to ten-fold reduction in the potency of

agonists. However, the kinetics of the inhi-
bition of binding appear to follow simple

Michaelis-Menten kinetics (with Hill coef-
ficients of 1.0) (5, 6). To avoid added com-

plexity and permit a simple kinetic analysis,
all binding assays routinely included GTP

at a final concentration of 300 JIM (see

METHODS).
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FIG. 4. Hofstee plots for the inhibition of specific

IHYP binding by 1-isoproterenol and 1-propranolol

in rat heart and lung

The effect of l-isoproterenol (top) and l-propranolol

(bottom) on inhibiting specific IHYP binding in rat

heart 4 #{149})and lung (0-0) is shown. Condi-

tions were as described in the text and each point is

the mean of duplicate determinations on 4 separate

animals. Plotted on the ordinate is the percent inhi-

bition of specific IHYP binding, and on the abscissa is

this value divided by the concentration of competing

drug.

mol were more potent in inhibiting IHYP
binding in rat lung than in rat heart (see

preceding paper). These data were inter-
preted to suggest that these drugs, which
have previously been shown to have differ-

ent affinities for fl-i and fl-2 receptors in
vivo and in vitro with cellularly intact iso-
lated organs and tissues also have different
affinities for fl-i and fl-2-adrenergic recep-

tors as studied in vitro with direct binding

assays. Hofstee plots for the inhibition of
specific IHYP binding by these fl-i and fl-
2 selective drugs exhibited a marked cur-
vature in both heart and lung (Fig. 5). This

is in contrast to the linear Hofstee plots
obtained with nonselective drugs (Fig. 4). If
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FIG. 3. Effect of zinterol and salmefamol on total

and nonspecific IHYP binding in rat lung

Effect of increasing concentrations of zinterol (left)

and salmefamol (right) on total IHYP binding (top

#{149}#{149})and IHYP binding in the presence of 10 ,iM

l-isoproterenol (top 0- - -0) in rat lung. Each point

is the mean of duplicate determinations from 6 ani-

mals. On the bottom is plotted the percent inhibition

of “specific” IHYP binding, where “specific” binding

is calculated as the difference between IHYP binding

in the absence and presence of 10 /LM l-isoproterenol.

Under these conditions (Fig. 4) inhibition

of IHYP binding by nonselective agonists

and antagonists such as l-isoproterenol and

l-propranolol followed simple Michaelis-
Menten kinetics in both heart and lung,

and yielded linear Hofstee plots and Hifi

plots with coefficients of approximately 1.0.
The Kd value for isoproterenol was 0.27

JIM, for epinephrine 4 JIM and for propran-

olol was .0005 JIM in both heart and lung.

Similar results were obtained in the 5 re-

gions of rat brain investigated and with

other nonselective agonists and antago-

nists, including epinephrine, sotalol, pin-
dolol and dihydroalprenolol which showed
similarly simple kinetics in these tissues

(data not shown).
Inhibition of specific IHYP binding in

rat heart and lung by fl-i and fl-2-selective

drugs. The fl-i antagonists practolol and

metoprolol were more potent in inhibiting
IHYP binding in rat heart than in rat lung,

and the fl-2 agonists zinterol and salmefa-
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it is assumed that these drugs are binding

with different affinities to two classes of
receptors, it can be seen that for the fl-2-

selective drugs zinterol and salmefamol, the

high affinity component (which would be

the fl-2 component) is the small component

in the heart and the large component in the

lung (Fig. 5). However, with fl-i selective
drugs such as practolol and metoprolol, the

reverse is true and the high affinity com-
ponent (which in this case is the fl-i com-

ponent) is the large component in the heart

and the small component in the lung (Fig.

5).
Analyzing these data by the computer

based iterative method described above

yielded consistent percentages of fl-i and

fl-2 receptors in heart and lung, irrespective

of whether the drug used for analysis was

fl-i-selective or fl-2-selective (Table 1). In

addition, the Kd value calculated for each

drug for each component was similar in

heart and lung (Table 2). Varying the re-

ceptor concentration by a factor of 3 caused
no change in the affinity or specificity of
any of the drugs examined. The Kd value

for the small population of sites showed
more variation than that for the large pop-

ulation of sites probably due to the smaller

100� HEART

80-. -�

4 4
60�.. -�

200 400 600

set of data points which contribute to this

component. The results are consistent with

the idea that two classes of receptor exist

in both tissues, and that although they have
similar pharmacological specificities, they

exist in very different proportions in the

two tissues.

Inhibition of specific IHYP binding in
rat brain regions by fl-i and fl-2-selective

drugs. Hofstee plots for the inhibition of
specific IHYP binding by zinterol, salme-

famol, practolol and metoprolol in various

regions of rat brain were consistently non-

linear. Hofstee plots for these four drugs in
caudate, cortex and cerebellum are shown

in Fig. 6. Similar data were obtained in
hippocampus and diencephalon (data not

shown). As in heart and lung, calculation of

the percentage of fl-i and fl-2 receptors in

each brain region by the computer-based
iterative procedure described above gave

consistent percentages of fl-i and fl-2-ad-
renergic receptors in each brain region re-

gardless of which drug was used for analysis
(Table 3). It is clear that the caudate, cor-
tex, hippocampus and diencephalon con-
tain mainly fl-i receptors, while the cere-
bellum contains mainly fl-2 receptors (Ta-
ble 3). The affinities of each drug for fl-i
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FIG. 5. Hofstee plots for the inhibition of specific IHYP binding by /3-1 and /3-2 selective drugs in rat heart

and lung

Effect of zinterol, salmefamol, metoprolol and practolol on specific IHYP binding in rat heart (top) and lung

(bottom). Each point is the mean of duplicate determinations on 6 animals. Plotted on the ordinate is the

percent inhibition of specific IHYP binding, and on the abscissa is this value divided by the concentration of

drug.
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TABLE 1

Relative concentrations of /3-1 and /3-2-adrenergic receptors in rat heart and lung

The kinetics of inhibition of specific IHYP binding were determined for each drug in each tissue at fourteen

different concentrations as described in METHODS. The resulting Hofstee plot was then analyzed by the

computerized iterative procedure described in the text resulting in two components. For the /3-2 selective drugs

zinterol and salmefamol, the high affinity component was taken to represent the /3-2 component and the low

affinity component was the /3-1 component. For the /3-1 selective drugs practolol and metoprolol the high

affinity component was taken to represent the /3-1 component and the low affinity component was the /3-2

component. Each value is the mean ± SEM of 6 separate experiments.

Drug used to calcu- Heart Lung
late percentage

%/3-1 %/3-2

Zinterol 83.4 ± 4.6 16.6 ± 4.6 15.7 ± 4.2 84.3 ± 4.2

Salmefamol 86.2 ± 7.6 13.8 ± 7.6 19.8 ± 1.9 80.2 ± 1.9

Practolol 75.8 ± 5.2 24.2 ± 5.2 17.1 ± 2.7 82.9 ± 2.7

Metoprolol 86.3 ± 6.2 13.7 ± 6.2 9.0 ± 5.0 91.0 ± 5.0

Mean 82.9 ± 2.47 17.1 ± 2.47 15.4 ± 2.30 84.6 ± 2.30

TABLE 2

Apparent affinities of /3.1 and /3.2 adrenergic receptors for 13-1 and /3-2 selective drugs in rat heart and lung

The inhibition of specific IHYP binding was determined for each drug in each tissue as described in Fig. 1

and Table 1. Each value shown is the mean ± SEM of values determined in 6 separate experiments.

Zinterol K,, (�zM) Salmefamol K,, (tIM) Practolol Kd (tIM) Metoprolol K,, (tIM)

/3-1 /3-2 /3-1 /3-2 /3-1 /3-2 /3-1 /3-2

Heart 1.0 ± .23 0.02 ± .004 4.2 ± .82 .25 ± .11 2.1 ± .53 34 ± 5.6 .15 ± .03 2.8 ± .66

Lung 1.0 ± .15 0.04 ± .005 3.2 ± .65 .22 ± .07 0.5 ± .18 20 ± 4.8 .05 ± .03 1.5 ± .20

and fl-2-adrenergic receptors in the various

regions of rat brain (Table 4) were similar

to each other and to those values calculated

in experiments with heart and lung (Table
2).

Density of fl-i and fl-2-adrenergic recep-

tors in rat brain regions. Since IHYP non-
selectively labels both receptor subtypes

(see preceding paper) Scatchard analysis of

IHYP binding provides an estimate of the

total number of fl-adrenergic receptors in a
given tissue. The percentage of fl-i and fi-
2-adrenergic receptors in each brain region
was then determined by averaging the per-

centages obtained with the four drugs (Ta-
ble 3). These calculations yield the actual

density of fl-i and fl-2-adrenergic receptors

in each brain region (Table 5). It is inter-

esting to note that although the density of

fl-i-receptors varies almost 20-fold in the

regions examined, the density of fl-2-recep-

tors varies by less than 3-fold. Thus the fl-
2-adrenergic receptors in rat brain are as-
sociated with a more homogeneously dis-

tnbuted tissue constituent than are fl-i-ad-

renergic receptors.

DISCUSSION

A number of drugs which show selectivity
for either heart (fl-i) or lung (fl-2) receptors

in vivo also show selectivity for these recep-
tors in vitro (see preceding paper). This
selectivity is seen with both fl-i selective

(metoprolol and practolol) and fl-2-selec-

tive (zinterol and salmefamol) drugs. These
observations provide direct evidence to
support the hypothesis that there exist
more than one type of fl-adrenergic recep-
tor with differing pharmacological specific-
ities (7).

To examine this phenomenon in a more
precise manner, it was necessary to devise
a method to measure the relative concen-

trations of fl-i and fl-2-adrenergic receptors
in tissues containing both receptor subtypes
and to determine their affinities for a vari-

ety of drugs. This objective was made more
difficult by the fact that no drug so far
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FIG. 6. Hofstee plots for the inhibition of specific IHYP binding by /3-1 and /3-2 selective drugs in rat

caudate, cortex and cerebellum

Effect of zinterol, salmefamol, metoprolol and practolol on inhibiting specific IHYP binding in rat caudate

(top), cortex (middle) and cerebellum (bottom) is shown. Each point is the mean of duplicate determinations on

6 animals. Plotted on the ordinate is percent inhibition of specific IHYP binding, and on the abscissa is this

value divided by the concentration of competing drug (tIM).

examined shows an absolute selectivity for

fl-i or fl-2-adrenergic receptors.

To be able to carry out a straightforward
kinetic analysis, it is necessary that the

interaction of drugs with fl-adrenergic re-

ceptors follow simple Michaelis-Menten
(mass action) kinetics. This has previously

been shown to be true for the inhibition of
IHYP and dihydroalprenolol binding by
nonselective antagonists such as proprano-

lol and alprenolol in a number of different
tissues (5, 6). The interaction of these drugs

as well as the nonselective antagonists di-
hydroalprenolol, pindolol and sotalol with

IHYP binding sites in rat heart and lung

followed simple Michaelis-Menten kinetics
yielding linear Hofstee plots and Hill plots

with coefficients of 1.0. On the other hand,

the inhibition of specific IHYP binding by

a variety of nonselective fl-adrenergic ago-
nists showed an apparent negative cooper-

ativity with Hill coefficients ranging from
0.6 to 0.7 (5, 6). In the presence of GTP the
affinity of agonists for fi-adrenergic recep-
tors is reduced and negative cooperativity

is no longer apparent. GTP causes the in-
hibition of specific IHYP binding by non-
selective fl-adrenergic agonists to follow

simjle Michaelis-Menten kinetics yielding

linear Hofstee plots and Hill coefficients of
1.0. Therefore, under the conditions used

(i.e.,in the presence of GTP) the inhibition

of specific IHYP binding by nonselective
agonists and nonselective antagonists fol-
lows simple Michaelis-Menten kinetics and
shows no evidence of cooperativity in either




