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SUMMARY

DICKINSON, K., A. RICHARDSON, AND S. R. NAHORSKI. Homogeneity of beta2-adre-
noceptors on rat erythrocytes and reticulocytes: a comparison with heterogeneous
rat lung beta-adrenoceptors. Mol. Pharmacol. 19: 194-204 (1981).

The characteristics of specific :CH..labeled (-)-dihydroalprenolol ([3H]DHA) binding sites
on rat erythrocytes and reticulocytes have been examined in an attempt to determine
whether different beta-adrenoceptor subtypes could coexist in the same population of

cells. [3H]DHA binds specifically to erythrocyte membranes with a dissociation equiib-
rium constant (KD) of 0.24 nM and a maximal number of binding sites (Bmax) of 195
fmoles/mg of protein. Reticulocytes induced by phenylhydrazine treatment possessed a
considerably higher density of binding sites (Bmax 760 fmoles/mg of protein) but identical
affinity for [3H]DHA (KD 0.25 nM).

A detailed pharmacological characterization using highly selective beta,- and beta2-

adrenoceptor agents revealed that both cell populations possessed only homogeneous
beta2-adrenoceptor binding sites that were pharmacologically identical with the beta2

component observed in rat lung which possesses both beta1- and beta2-adrenoceptQrs.
Further evidence for the heterogeneous nature of beta-adrenoceptor binding sites in rat
lung was provided by the demonstration that selective occupation of the beta, sites with
atenolol results in a loss of receptor heterogeneity, and suggests that the receptor subtypes
are probably separate noninteracting entities. Methods to analyze heterogeneous binding
data (Hofstee and Hill plots of transformed data and computer-assisted iterative curve-

fitting of the raw data) were compared and indicate that, with highly selective competing
drugs, linear transformations provide data in excellent agreement with those obtained
with curve-fitting.

INTRODUCTION

The recent development of ligand-binding techniques
using radiolabeled beta-adrenergic antagonists has al-
lowed the direct quantitative characterization of beta-
adrenoceptors in tissues. Direct receptor labeling tech-

niques (using drugs with high selectivity for beta1- and
beta2-adrenoceptors) have been applied by our labora-
tories to demonstrate the coexistence of beta-adrenocep-

tor subtypes in rat lung, brain, and spleen (1-3). The
present studies were undertaken to determine whether
different beta-adrenoceptor subtypes could coexist in the
same population of cells, and we have selected rat eryth-
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rocytes as a convenient source of single-cell types which
contain beta-adrenoceptors.

Rat erythrocytes and reticulocytes have been useful

model cells for studying beta-adrenoceptor-effector sys-

tems (4), and comparative studies of reticulocytes and
erythrocytes have provided information on the coupling

of the beta-adrenoceptor to adenylate cyclase (5-8). The
beta-adrenoceptor of these cells has previously been clas-
sified, using adenylate cyclase measurements (9) and
ligand-binding techniques (5, 8), as beta2-adrenoceptors.
However, such a classification differed from that sug-
gested for the reticulocyte beta-adrenoceptor by Gauger

et al. (10), with evidence not altogether dissimilar to that

above, but lacking the use of highly selective antagonists.
We report here our studies designed to investigate

wheth r this apparent discrepancy of beta-adrenoceptor
classification is due to the heterogeneous nature of these
recept( ‘rs on rat erythrocytes and reticulocytes. The aS-

finities of several beta-adrenoceptor selective drugs de-
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2 The abbreviation used is: [3H]DHA, ‘H-labeled dihydroalprenolol.

termined in competition with specific [3H]DHA2 binding

to erythrocyte and reticulocyte beta-adrenoceptors have

been compared with those determined with rat lung beta-
adrenoceptors in which recent studies have shown the
presence of a heterogeneous population of receptors
pharmacologically equivalent to beta1- and beta2-adre-

noceptor subtypes (1, 11, 12). Our findings suggest that
the adrenoceptors present on reticulocytes and erythro-
cytes are homogeneous and identical with the beta2-ad-
renoceptor component present in rat lung.

MATERIALS AND METHODS

Preparation ofmembranes. Red cell membranes were

prepared from control (0.9% NaCl-injected) and phen-
ylhydrazine-treated male Wistar rats (150-200 g). Retic-
ulocyte-nich blood was obtained following i.p. injection

of a sodium bicarbonate-neutralized solution of pheny-
ihydrazine HC1 according to the following dosing regi-

men: day 1, 40 mg/kg; day 3, 60 mg/kg; day 5, 80 mg/kg.
This procedure produced a red cell population which was

>90% reticulocytes. Rats were kified on day8, and blood
(8 ml) was obtained by cardiac puncture under sodium
pentobarbital anesthesia (50 mg/kg) using 0.6 ml of 0.2
M EDTA as an anticoagulant. The blood was centrifuged
at 500 x g, the plasma was removed by aspiration, and
the cells were washed in cold isotonic 150 mr�i NaCl/5
mM Tris-HC1, pH 7.6, and recentrifuged at 500 x g. The

supernatant was removed and the cells were washed
three more times in 150 nmi NaC1/5 mi�.i Tris-HC1, pH
7.6, by centnfugation at 1,500 x g, after which a buffy-
coat layer was no longer visible. Aliquots (1 ml) of packed
cells were removed from the bottom of the centrifuge
tube and lysed in 40 ml of 5 iiiM Tris-HC1, pH 7.8. After

10 min at 4#{176},1 ml of 4 M KC1-40 m�i MgCl2 was added
and the lysate was centrifuged at 50,000 x g for 30 mm
at 4#{176}.The pellet was resuspended in 5 mi�i Tnis-HC1, pH
7.8, and relysed. After centrifugation at 50,000 x g for 30
mm, the upper plasma membrane-enriched layer was
removed and washed three more times in 50 nmi Tris-
HC1, pH 7.8, by centrifugation at 50,000 x g. The final
pellet was taken up in 50 mrvi Tnis-HC1, pH 7.8, at a
protein concentration of 3-5 mg/mI, rapidly frozen in
liquid nitrogen, and stored at -40#{176}until use. Freezing
did not affect the maximal specific binding of [3H]DHA
to the membranes.

Rat lung membranes were prepared from male Wistar
rats (150-200 g) as previously described (1).

Binding assay. Membrane suspensions were incubated

at 23#{176}with [3H]DHA (48-52 Ci/mmole; New England
Nuclear Corporation, Boston, Mass.), approximately 1

flM unless otherwise stated, and appropriate concentra-
tion of drug in 50 mxvi Tris-HC1, pH 7.8, in a final
incubation volume of 250 jil. After 30 mm the samples
were diluted with 1 nil of ice-cold buffer and filtered
under reduced pressure through Whatman glass fiber
discs (GF/B); the filters were then washed three times
with buffer, 5 ml each time. The ifiters were shaken in
the cold with Triton X-100-toluene scintillator and, after
extraction, the radioactivity was determined by liquid
scintifiation counting at an efficiency of 40%.

“Specific” binding was defined as total binding minus
“nonspecific” binding. Nonspecific binding was deter-
mined by measuring the radioactivity obtained when
incubations were carried out in the presence of 200 �tM

(-)-isoprenaline. We have previously shown that the use
of beta-adrenoceptor antagonists to determine nonspe-

cific binding can result in considerable errors in evalua-
tions of apparent dissociation constants and maximal
number of binding sites (13). Specific binding of [3H]-

DHA to red blood cell and lung memranes constituted
approximately 95% and 90%, respectively, of the total

binding at 1 ni�t [‘H]DHA.
Specific binding was a linear function of protein con-

centration up to 250 �ig of protein for all membrane

preparations at 1 nM [�H]DHA. Conditions were chosen,
in all experiments, such that the total bound [3H]DHA
was less than 10% of the total [3H]DHA added, thereby

ensuring that the “free” component of [3H]DHA was
relatively constant.

Determination ofprotein. Protein concentrations were
measured according to the method of Lowry et al. (14),
using bovine serum albumin as reference standard.

Analysis of binding data. AU experiments were con-
ducted a minimum of three times. Equilibrium dissocia-
tion constants (KD) and binding site maxima (Bmax) were
determined by Scatchard plots. IC�o values for the dis-
placement of [3H]DHA binding were determined from
Hifi plots, and inhibition constant (IC�) values were de-
termined using the equation of Cheng and Prusoff (15).
Association and dissociation rate constants were deter-

mined by graphical analysis of kinetic data using the
method described by Wffliams et al. (16).

Inhibition curves of drug displacement of [3H]DHA
were fitted on a Cyber 73 computer using an iterative
curve-fitting computer program (NAG library, EO4FBF,
NAG Limited, Oxford, England, 1977), arriving at the
best-fit parameters by minimization of the sum of
squares. One or two noninteracting site models were
tested for each inhibition curve.

Drugs. [3H]DHA (48-52 Ci/mmole) was obtained from
New England Nuclear Corporation. (-)-Isoprenaline bi-
tartrate, (-)-adrenaline bitartrate, and (-)-noradrena-
line bitartrate were purchased from Sigma Chemical
Company, St. Louis, Mo. The following drugs were kindly

donated by the indicated companies: (±)-Salbutamol
(Glaxo Allenbury’s, Ware, England); (-)-timolol (Leo
Laboratories, Middlesex, England); (-)-alprenolol (Haes-

sle, Goteborg, Sweden); (±)-procaterol (Otsuka, Toku-
shima, Japan); (±)-metoprolol (Astra, Goteborg, Swe-

den); (±)-atenolol, (±)-practolol, (+)-propranolol,
(-)-propranolol, and (±)-ICI 118.551 [erythro-1-(7-meth-
ylindan-4-yloxy)-3-isopropylaminobutan-2-ol] (ICI Phar-
maceuticals, Cheshire, England); (±)-SL 75212 (betaxo-
lol) [1-(isopropyla.mino)-3-(p-(cyclopropylmethoxy-
ethyl)-phenoxy)-2-propanol] (Synthelabo, Paris,
France).

RESULTS

[3H]DHA Binding to Rat Erythrocyte and

Reticulocyte Membranes

Increasing concentrations of [3H]DHA were incubated
with the membranes in the absence and presence of 200
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/iM (-)-isoprenaline to assess nonspecific binding. Spe-

cific binding of [3H]DHA to rat erythrocyte and reticu-
locyte membranes (Fig. 1) was saturable, whereas non-
specific binding increased linearly with [3H]DHA concen-
tration. Scatchard analysis of such specific binding data
revealed a homogeneous population of binding sites with

a KD of 0.24 (± 0.03) ni�i (n = 5) for rat erythrocyte
membranes and 0.25 (± 0.02) nmi (n = 3) for rat reticu-
locyte membranes. Clearly, from Fig. 1, although the
affinities of [3H]DHA for the binding sites in rat eryth-
rocytes and reticulocytes were similar, the total number
of binding sites was 3 to 4-fold higher in reticulocytes.
The mean Bmax was 760 ± 9) fmoles/mg of protein (n =

3) for reticulocytes and 195 (± 8) fmoles/mg of protein

(n = 5) for erythrocytes. Analysis of these saturation
data by the method of Hill revealed an absence of coop-

erative interactions, since the Hifi coefficient (nH)

equaled 0.98 for erythrocytes and 0.97 for reticulocytes.

Kinetics of�H]DHA Binding to Rat Blood Cell

Membranes

The binding of [3H]DHA to rat erythrocytes was rapid

and reversible (Fig. 2) with a t112 (time for half-maximal
binding) for association of 1.75 mm and dissociation of
15 mm. Since the concentration of ligand used in these

experiments (1.2 ni�i) was much greater than the binding
site concentration (0.11 ni�i), the association could be

considered a pseudo-first order reaction. The reaction

can be described by the equation ln[Xeq/(Xeq _ X)]

z

0
m
>- z

_J

-

C-)

0.

� -J

=

K0b5 t, where X is [�H]DHA bound at time t, and X� is
the amount bound at equilibrium. The slope of the line
in Fig. 2A equals the observed rate constant for the
reversible pseudo-first order reaction (K0�). The second-
order association rate constant K±, was calculated from
K.,.1 = K0b8 K.1/([3H]DHA), where K-, is the dissocia-
tion rate constant. The dissociation rate constant K_1

was calculated from the first-order plot K-1 . t = in X/X�(�.
Using [3H]DHA concentrations of 1.2-1.4 nM, a mean

K+1 of 0.22 (± 0.03) nM�’ mm’ was obtained at 23#{176}(n

= 3). The mean K_i1 was 0.047 (± 0.01) min’ (n = 3).
The dissociation constant calculated from the fraction
K_1/K.,.1 was 0.21 flM, in excellent agreement with that

obtained from equilibrium experiments.
Using identical techniques, the binding of [3H]DHA to

rat reticulocyte membranes yielded a value for K+1 of

0.197 (± 0.014) nM�’ min’ (n = 3), for K_, of 0.068 (±
0.003) min’ (n = 3), and a KD of 0.34 nM.

Pharmacological Characterization of the [3H]DHA

Binding Sites

Agonists. Competition experiments in which adrener-
gic agonists and antagonists were used to displace the
specific binding of [3H]DHA were performed in order to
characterize the [3H]DHA binding sites of rat erythro-
cytes and reticulocytes. The affinities of adrenergic ago-
nists for the beta-adrenoceptor sites of rat erythrocytes
and reticulocytes were compared with those determined
using rat lung membranes (Fig. 3). From these data it is

-LOG FREE [3H-DM]

FIG. 1. Specific binding of[3H]DHA to rat erythrocyte (#{149})and rat reticulocyte (0) membranes
Rat blood cell membranes were incubated with increasing concentrations of [3HJDHA for 30 mm at 22#{176},and binding was determined as

described under Materials and Methods. Each value is the mean of triplicate determinations. The data shown are representative of five such

experiments.

A. Scatchard plot of[3HJDHA binding to rat erythrocyte and reticulocyte membranes. lCD is the equilibrium dissociation constant for [3HJDHA

and � is the maximal number of [3HJDHA binding sites.

B. Hill plot of these saturation data. n,, is the Hill coefficient and is equal to the slope of the line.
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FIG. 2. Kinetic analysis of[3H]DHA binding to rat erythrocyte membranes

Membrane preparations were incubated with 1.2 flM [3H]DHA at 22#{176}for various times, and the amount of specific [3HIDHA bound to the

membranes was plotted against time (A). After equilibrium was achieved (30 min at 22#{176}),(-)-isoprenaline was added (200 �tM) and the decrease

in specific [3H]DHA binding was measured at timed intervals (a). From these data the association and dissociation rate constants were determined

as described in the text.

A. The pseudo-first order kinetic plot of [3H]DHA binding, where X� is the amount of specific binding at equilibrium and X is the amount

bound at time t. The slope of this line is the observed rate constant for the reversible pseudo-first order reaction �
B. The first-order plot of the dissociation reaction, where the slope of the line (K_1) equals the dissociation constant. The binding site

concentration for these experiments was 0. 1 1 flM. These data are representative of three such experiments performed in duplicate.

apparent that the affinities of the agonists for each re-
ceptor preparation were similar (see also Table 1), and
the order of potencies, (-)-isoprenaline > (-)-adrenaline
> (±)-salbutamol > (-)-noradrenaline, is suggestive of a

beta2-adrenoceptor.
The use of agonist affinities to characterize receptors

is somewhat hazardous in view of a recent report showing
that agonists can induce high affinity states of the beta-

adrenoceptor, which can be interconverted to low-affinity
states by guanyl nucleotides (17). The interaction of
guanyl nucleotides with agonist binding to these receptor

preparations is at present under investigation.
Antagonists. The displacement of [3HJDHA binding

to rat erythrocyte and rat lung membranes by a series of
beta-adrenoceptor antagonists revealed that the binding
was stereoselective, since the (-)-isomer of propranolol
was considerably more potent than the (+)-isomer (Table
1). The potencies of selective and nonselective beta-
adrenoceptor antagonists with rat erythrocyte mem-
branes were compared with those obtained using rat
reticulocyte and rat lung membranes. A good agreement
of inhibition constants was obtained (Tables 1 and 2)
which suggests that the beta-adrenoceptors of the rat
erythrocyte and reticulocyte are identical and that these
receptors are similar to those present on rat lung, where

the predominant receptor is of the beta2 subtype.

Highly selective beta-adrenoceptor antagonists pro-
duced displacement curves with rat lung membranes
which deviated from law of mass action behavior. The
competition curves were shallow, with pseudo-Hifi coef-

ficients <1, and inflections were especially marked at low
(with beta1-selective agents) or high (with beta2-selective

agents) drug concentrations. Displacement curves of the

beta1-selective [(±)-atenolol] and beta2-selective [(±)-ICI
118.551] antagonists, in competition with [3H]DHA bind-
ing to rat lung membranes, have been analyzed using the
graphical methods of Hofstee and Hill (Figs. 4 and 5).

These agents produced curvilinear Hofstee and nonlinear
Hifi plots, a finding which is suggestive of heterogeneity
of the [3HJDHA binding sites present on rat lung mem-
branes. From the Hofstee plots it is apparent that the
membranes contain �80% of sites having high affinity for
beta2-selective agents and �20% of sites having affinity
for beta1-selective agents.

In contrast to the flattened displacement curves of
(±)-atenolol and (±)-ICI 118.551 with rat lung mem-
branes, the competition curves of these drugs with rat
erythrocyte membranes were indicative of homogeneous
receptor population with binding governed by mass ac-
tion law. The displacement data were subjected to a
Hofstee and Hill analysis, and linear plots were obtained
(Figs. 4 and 5). Hifi coefficients for (±)-atenolol (0.97 ±
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FIG. 3. Inhibition of specific [3H]DHA binding to rat erythrocyte (A), rat reticulocyte (B), and rat lung (C) membranes by adrenergic

agonists

., (-)-Isoprenaline; 0, (-)-adrenaline; U, (-)-noradrenaline; and L�, (±)-salbutamol. [3H]DHA, 1.5 nM, and the agonist under investigation [in

50 mM Tris-HC1 (pH 7.8) and 1 mM ascorbic acid] were incubated with the membranes for 30 mm at 23#{176}and specific binding was assessed as

described in the text. The data represent the mean of three to seven experiments conducted in duplicate. Standard errors of the mean were <10%

and are excluded for clarity.

0.02, n = 6) and (±)-ICI 118.551 (1.03 ± 0.02, n = 6) were
close to unity. These findings suggest that the [3H]DHA

binding sites present on rat erythrocytes are a homoge-
neous population. Table 2 shows the inhibition constants
and Hill slopes of a number of selective agents obtained

with rat erythrocyte and rat reticulocyte membranes.

Hill slopes of all of these agents approached unity, mdi-
cating homogeneity of receptors on rat erythrocytes and
reticulocytes.

In addition to the analytical procedures described
above, the displacement data for selective adrenoceptor
antagonists were fitted to one-site or two-site model
concentration-inhibition curves using an iterative curve-
fitting computer program. The displacement curves of
selective adrenergic agents, obtained in competition with
[3H]DHA binding to rat lung membranes, are best fitted
to a two-site model, whereas displacement curves of these
agents obtained with rat erythrocyte membranes are best
fitted to a one-site model. The relative proportion of the
two sites in rat lung membranes were 75-83% for the site
having high affinity for beta2-selective agents (beta2-ad-

renoceptor subtype), and 17-24% for the site having high
affinity for beta,-selective agents (beta,-adrenoceptor
subtype) (see Table 2).

Inhibition constants of selective agents obtained with
rat erythrocyte and reticulocyte membranes correlated
almost perfectly with those obtained for the beta2-adre-

noceptor component of rat lung (reticulocyte: r = 0.99,
slope = 0.97; erythrocyte: r = 0.99, slope = 1.00) but
poorly for the beta1-adrenoceptor component. Similar
inhibition constants have been obtained for the beta2-

adrenoceptor component of rat cerebral cortex and
spleen (2, 3). These findings argue strongly for the beta2-

adrenoceptor classification of the rat erythrocyte and
reticulocyte beta-receptors.

Selective Inhibition of Beta-Adrenoceptor Binding

Sites on Lung Membranes

Rat lung membranes were incubated with a concentra-

tion of (±)-atenolol (5 /zM) which, at 1.5 nM [3H]DHA
concentration, was predicted by computer-assisted curve
fitting of model curves to occupy 96% of beta, sites and

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


beta-ADRENOCEPTOR HETEROGENEITY 199

TABLE 1

Inhibition constants

Effects of beta-adrenergic agonists and antagonists on [3H]DHA

binding to rat erythrocyte, reticulocyte, and lung membranes. The ICs�o

values were determined graphically and the K, was calculated from the
equation K. - 1C5/( I + S/K,)), where S is the concentration of
[3H]DHA used in the assay (1-1.5 nM) and JC� is the dissociation
constant for [‘H]DHA in the membrane preparations (rat erythrocyte

K0 - 0.24 nM; rat reticulocyte K� - 0.25 imi; rat lung K� - 0.35 nM).

The affinities of the drugs for rat lung beta-receptors are over-all

apparent K� values. The values given are the means ± standard error

of the mean of three to eight experiments performed in duplicate.

Drug Rat Rat Rat lung
erythrocyte reticulocyte

nM flM flM

�4 �4 � ii � ± 3

�N4�4f?fl�I(fl$� i!U�O � �i�0 � � �i0 I4�0 ± 180

� .�0 � �4 !4� � );� �4#{241}± 25
� �1f�fl � � �i � §0 ti�0 ± 130
�*)�PF0pF�R0Ifl1 .�I � i:s � �5 ± 2

H:PFPpF�fl4I4I 0:44 � 0:0! � OMU ± 0.05
� ft�i� � 04�! ft4(� � t)�0ii ft4t� ± 0.04

H�M�4F1IR(4I0I 0� � ft0� -� 0��4 ± 0.04

14’4- of ��9�q1 �I�: Th� �1i�p1�w@nwnt of � binding

fRrnI th� hing llThmhliflfl� �w in��ing �onp?flttations
of t�w � p�cti�1 �gon�t (�):p�oc�t�rol was

th�n afIt@rmin@d: C(�IItR�1 ffl�(11hR�II� �1�0dI4#{128}0@d�jsp1ace-
ffl@nt PllFV� with (�):pf0p�t�f01 WhWh h�d � distinct

infi�ction � high 4n�g �on�nm�ion�, �nd whi�h ana-

t��d � nonhin�4�� II0t�t� �rnd thU pIot� (F�ig: � Iden-
tipgi �lllTV@� W�i�f� ob�v@d in th� pr�@n� of 100 �1M

QrVP: Ill �0nt)i�l�t, ttTh � ��urv�’ f�r p�ocaterol

in � p)i@0�f9np�9 of � w� �hift�d to �he left,
irnd w� �11�11r1y p1q�)� in §h�lp�� �1 Uw th�o�i�1 curve

�kp�c�d fq�i � � r�1�0ptrn� p�put�tio� with
binding gov@nwd Lw m�=�wtion t�w An�1y�i� qf these
� by th� lltif�t� pto� I 1 ) �nd it��tiv� �
r�v�1�d tim pon� of � 4� �f t��il spe-
t�i11� binding whi�h h�d tow �ffinitv f� (�):p�iq#{231}aterol
� � �onipd ‘with � � pontrol

m@mh��n@�: Th� thU p1� � (F�ig� t�) w� � �psitive
indi��o� of th� �w4Tt d@gi� of h��og�twi�y �tW present

in these membranes (nH over-all = 0.91). Under these
conditions, occupation of beta1-adrenoceptor binding

si� �by 5 �LM atenolol had transformed a system with
heterogeneous binding sites into a system which was

almost homogeneous, and which closely approached that

present in rat erythrocytes.

Comparison ofMethods to Analyze Binding Data

In previous work we (1, 2, 11) and subsequently others
(12) have used the Hofstee plot to analyze competition

curves of highly selective beta-adrenergic agents in order
to determine the proportion of beta, and beta2 sites in

membrane preparations and the affinities of drugs for
each site. The graphical analysis used previously (1 1) has
subsequently been suggested to result in considerable
overestimation ofthe proportion ofthe high-affinity corn-
ponent, and to introduce considerable error in the IC-H,
values of drugs for the components (18). In order to

resolve the possible error involved in previous analyses,
the data shown in Figs. 4 and 5 have been analyBed by
computer-assisted iterative curve-fitting of the raw data

and by graphical extrapolation of Hofstee plots as de-
scribed previously ( 1). The results shown in Table )
clearly demonstrate that the IC1� values and proportion
of sites obtained upon Hofstee analysis are remarkably

similar to those obtained using computer-assisted anal-
ysis of the raw data. As eipected, the proportion of , -

receptor sites was only very slightly overestimated using
the Hofstee analysis. However, as we have indicated
previously ( 1 ), this method of analysis provides an ade-
quate assessment of the inhibition data only when the
drugs used have considerable (>30-fold) selectivity to
one receptor subtype. Agents with less selectivity e.g.,

metoprolol (13- to 22-fold beta,-selective) produce less
marked curvilinear plots which yield considerable over-
estimates of the proportion of beta,-sites and approxi-

mately 3-fold errors in IC�, values (Hofstee: beta, 43%,
3.2 x l0’ M; beta2 64%, 6.5 x l0� M; curve-fitting: beta,

17%, 1.2 x i�-� M; beta2 83%, 2.6 x l0� M).

DISCUSSION

The existence of beta-adrenoceptor subtypes was first
proposed on the basis of relative effector cell responsive-

TABLE 2

199fr6P�i �rh�sh’-� �frp(!(If( fl$(�i�I ��flf)� for beta-adrenoceptors viral reliculocytes. erythro#{231}ytes. and lung

Kc Y?tI4� W�F? p�l�:lll�(18d � �#{128}:Fd�#{128}�in T�lt)te 1 Ttw 4i�placement curves of agents obtained with rat lung membranes were analyzed by an

�t�F�liY� p0fV�:f�tli5g �lF0�F�R1 �iiti K4�l9� #{128}114F14gefo� t�w �wo sites were determined as described previously. Percentage values in parentheses

F��F�t’Rt ttw pFOpOF(iP0 of tlw wo �ite� �I�termiiw4 frorn §�raged inhibition curves of three to nine experiments conducted in duplicate. All

t$IWF flIltaF1’pF�t’11t tim owtn � §(�nh1�fl PFRF of tw rn�n of the stated number of experiments performed in duplicate.

-------- � - - - -� t4�l F�ti�4locYt� Rat erythrocyte Rat lung K

(3 K� 6(1 11 K nil Beta2- Bela-
component component

f�N flM flM flM

�8�t�ti�
4ttonplol t! 41J1$�j �4(W�H 1 Oi � 0 02 7 1 470 (±�4()) 0 97 ± 0 1)2 0 81)4) (SOSj 40 121)9 I

Ii �,000 $�400� 1O� � 0.01 7 2741$) 1±1,000) 0.98 ± 1)1)2 46,500 (78%) 141 I22�i I

(�):M?(4pr�!ol � �$D �4i�l 0� � 0.03 3 273 (±7) 0.94 ± (1.03 450 t83’�lI 21 I17�)

i�0� � 0.01 0 - - 201 180’31) 1.9 (2W1)

��:PFoc�;?Fol b � � .. i� ft$$ � 0.02 6 32 (±2.7) 1.1)1 ± 0.04 41 (76’iI 4,100 (24�i)

��):t1Jl I Ift�.�4I #{241} 1:10 ��():fl4� I:tl#{241}� 0.03 6 0.96 1± 0.03) 1.03 ± 1)1)2 1.7 183%) 107 1

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


200 DICKINSON ET AL.

100

80

60

40

20 RAT LUNG

RAT ERYTHROCYTE

8 7 6 5 4

- LOG [ATEN0L0L]

100

80

#{163}0

23

0�

V
,�-

-2

30 60

: N�IaTow / LATENOLOLJ �aM

8 1 6 5 4

. LOG [ATENOLOL]

FIG. 4. Inhibition ofspecific [3HJDHA binding to rat lung (A) and rat erythrocyte �tJ) membranes by (±)-atenolol (beta,-selective)

Drugs were incubated with the membranes in the presence of 1.5 m�i [3H]DHA and specific binding was assayed as described under Materials

and Methods. The inhibition data have been analyzed by Hofstee plots (I versus I/[drug], where I is the percentage inhibition of specific

[3H]DHA binding) and by Hill plots (log 1/1(100-I) versus log[drug]. These data are the means ± standard error of the mean of nine (rat lung)

and six (rat erythrocyte) experiments performed in duplicate.
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ness of tissues to a series of natural and synthetic sym-
pathomimetic agents (19). Supportive evidence for such
a subdivision have confirmed that beta-receptors in heart
and adipose tissue (beta,) differ markedly in their affinity
for some agonists and antagonists from those present in
vascular, tracheal, and uterine smooth muscle (beta2)
(see ref. 20). However, because of the dissimilar phar-
macological specificity of tissue preparations, such a
strict subdivision of beta-adrenoceptors has been criti-
cized as an oversimplification (21-23). Such findings have
led to the suggestion that there may be more than two

subtypes of beta-adrenoceptor (23, 24) or that both beta1

and beta2 receptors may coexist in the same organ (25-
27) and that stimulation of both types of receptors could

result in the same physiological response.
We have used radiolabeled ligand binding to overcome

the inherent problems associated with estimation of
drug-receptor interactions in intact pharmacological
preparations (28). Our previous studies (1, 2, 11) were the
first to present direct evidence that both beta-adrenocep-
tor subtypes could coexist in tissues, thereby providing

support for the original hypothesis of Caisson et al. (25).
The present study has compared the binding of[3H]DHA
to membrane preparations of rat red blood cells with that
to preparations of rat lung. This study was initiated in
order to determine whether beta-adrenoceptor subtypes
could coexist in a single homogeneous population of cells,

and to characterize the beta-adrenoceptor present using
recently synthesized, highly selective adrenergic agents.
Of these, ICI 118.551 exhibited >100-fold beta2-adreno-
ceptor selectivity using rat lung membranes, which was
similar to that obtained with isolated pharmacological
preparations (29); SL 75212 (betaxolol) showed 100-fold
beta-adrenoceptor selectivity using rat lung membranes
as compared with a “cardioselectivity” ratio of 220 using

in vitro tissue preparations (30). Previous characteriza-
tion of rat erythrocyte and reticulocyte beta-adrenocep-
tors have relied on the relative potency of agonists and
the use of adrenergic antagonists with little selectivity
(8, 10), and both beta, (10) and beta2 (8, 9) adrenoceptor
classifications have been suggested.

The results of our studies confirm the presence on rat
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FIG. 5. Inhibition ofspecific [3H]DHA binding to rat lung (�) and rat erythrocyte (0) membranes by (±)-JCI 118.551 (beta2-selective)

Experimental conditions were identical with those described in legend to Fig. 4. These data represent the means ± standard error of the mean

of four (rat lung) and six (rat erythrocyte) determinations performed in duplicate.
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erythrocytes and reticulocytes of [3H]DHA binding sites

which have all of the characteristics of beta-adrenocep-
tors. Thus, binding was stereoselective, saturable, of high

affinity, rapid, reversible, and displaceable by drugs
which interact at beta-adrenoceptors. The maximal num-

ber of binding sites for [3H]DHA was increased in retic-
ulocyte membranes by 290% as compared with erythro-
cytes, whereas the affinity of [3H]DHA for these sites
was unchanged. These findings were similar to those

reported by others (5, 31, 32), differing only in the in-
crease in the maximal number of binding sites. However,
since receptor density is dependent on the degree of
reticulocytosis (7), the higher values we obtained for
maximal number of sites in reticulocytes was probably a
reflection of the greater degree of reticulocytosis induced
by our dosing regimen.

The characteristics of the beta-adrenoceptor binding

sites on erythrocytes were, in almost all respects, identi-
cal with those present on reticulocytes. The association
and dissociation rate contants and equilibrium dissocia-
tion constants for [3H]DHA binding to both receptor
preparations were not statistically different. In addition,

the affinities of a series of agonists and antagonists in
competition with [3H]DHA binding to reticulocyte and
erythrocyte beta-receptors were very similar, suggesting

strongly that the receptors were identical. Similar con-
clusions have been reached by other workers using
[‘9]hydroxybenzylpindolol (8, 9) and [3HJDHA binding
(31), and adenylate cyclase measurements (8).

The relative potencies of agonists displacing [3HJDHA
binding to rat reticulocytes and erythrocytes were iden-
tical with those displacing binding to rat lung mem-
branes, and were indicative of beta2-adrenoceptor clas-
sification as proposed by Lands et al. (19). Further sup-
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FIG. 6. Inhibition ofspecific [3H]DHA binding to rat lung membranes by (±)-procaterol in the absence �R) andpresence (El) of5pi, atenolol

Rat lung membranes were incubated for 15 mm at 220 with (±)-atenolol or buffer and added to tubes containing [3HIDHA (1.5 nM) and

increasing concentrations of (±)-procaterol, yielding a final concentration of atenolol of 5 ftM. After 30 min of incubation, the contents were

diluted with 1 ml of ice-cold 50 mM Tris-HC1 (pH 7.8) and filtered under reduced pressure. [3H]DHA bound to the filters was determined as

described under Materials and Methods. Data represent the mean ± standard error of the mean of four (control) and eight (atenolol-treated)

experiments performed in duplicate.
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port for this classification comes from our work with

antagonists, which have been reported to show consid-
erable beta, or beta2 selectivity in intact preparations.
The affinities of these drugs for rat erythrocyte and
reticulocyte beta-adrenoceptors correlated well with
their over-all affinities for the receptors of rat lung, which
contain approximately 80% beta2-adrenoceptors, and ex-
tremely well with their affinities at the beta2-adrenocep-
tor binding site of rat lung membranes, when curves are
dissected into beta1 and beta2 components. The displace-
ment curves of selective agents in competition with [3H]
DHA binding to rat erythrocyte and reticulocyte mem-
branes were indicative of a homogeneous receptor pop-

ulation with binding governed by the law of mass action.
These data provide evidence that a single population of

cells contains a homogeneous class of beta-adrenoceptors
and that the heterogeneous nature of beta-receptors in
lung tissue could reflect the presence of different cell
types in that organ (33) . However, in view of recent

evidence suggesting that beta1 and beta2 adrenoceptors
mediate catecholamine-induced bronchodilation, smooth
muscle cells in lung may possess both receptor subtypes

(27).

The present work confirms and extends previous ob-

servations on rat lung beta-adrenoceptors (1, 11). In these
initial studies, displacement curves of selective agents
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TABLE 3

IC,� values of drugs for beta, and beta2 sites and proportions of each

site

Analysis of antagonist inhibition curves of [3H]DHA binding to rat

lung membranes by the method of Hofstee (see ref. 1) and iterative

computer-assisted curve-fitting of the raw data. The means of five to

nine inhibition curves were analyzed by the two methods, as described

in the text, and IC,,o values (molar) and percentages of each site are

indicated.

Drug Hofstee analysis Iterative curve-fitting

Beta2 Beta, Beta2 Beta1
site site site site

(±)-ICI 118.551

(±)-Atenolol

7.1 x iO�

81%

3.1 x iO�

74%

4.9 x l0�

18%

2.4 x iO�

24%

8.5 x iO�

83%

3.1 x iO�

80%

5.3 x l0�

17%

2.1 x iO�

20%

were analyzed using Hofstee plots and indicated that

both beta1 and beta2 adrenoceptors coexisted in mem-
brane preparations in proportions of 1:3. The present
study has utilized, in addition, a number of recently
synthesized agents of high selectivity and has analyzed
displacement data by iterative curve-fitting. We have
confirmed the applicability of the previous data analysis
for use with selective agents and have estimated the
relative proportion of adrenoceptor subtypes as 80%

beta2, 20% beta1. By using techniques similar to those
described by us (1, 11) and employing iterative fitting of
nonlinear Hofstee plots, Minneman et al. (12) have re-
cently confirmed the presence in rat lung membranes of
both beta-adrenoceptor subtypes in the ratio of approx-
imately 85% beta2, 15% beta,.

Further evidence for the heterogeneous nature of beta-

adrenoceptor binding sites on rat lung membranes has
been provided by the demonstration in the present ex-
periments that occupation of the betai sites with the
selective agent atenolol results in a displacement curve
for the beta2 agent procaterol that closely approximates
to a single class of binding site which behaves according
to the law of mass action. These results demonstrate that
the minor binding site can be occupied by a beta1-selec-
tive drug and result in a significant reduction in the
degree of heterogeneity of the unoccupied beta-adreno-

ceptors in the membranes. This suggests that beta, and
beta2 adrenoceptors can coexist in tissues in a noninter-

acting manner and are probably quite separate entities.
Present attempts to separate the receptors by solubili-
sation should provide more direct evidence for this con-
cept.
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