
The existence of distinct &~drenergic receptor sub- 
types was first postulated by Lands <‘I (II. [ I , 21. These 
investigators found that physiological responses that 
were mediated through activation of P-adrencrgic 
receptors could be subdivided into two miljor cat- 
egories, termed p, and &. This clas\;itication was 
based (311 the rank order of potency of :I writ\ of 
drugs in eliciting biological responses. %l;my invci- 
tigators have subsequently obtained l?liysiol(~~ic~tl 
&idence for the existence of &adrcnerpic rcccptors 
with different pharmacological properties in ;I v:triet\ 
of tissues [3-S]. 

p,-Adrenergic receptors have approximately the 
same affinity for epinephrine and norepinephrine. 
These receptors are found mainly in heart. adipose 
tissue and brain. @-Adrenergic receptors have :I 

greater affinity for epinephrine than for norepi- 
nephrine and are found in lung and liver and in both 
smooth and skeletal muscle. However, due to proh- 
lems such as restricted access of drugs to receptors 
and selective uptake and degradati(?n (3f drugs by 
tissues, it has been difficult to determine the exact 
pharmacological specificity of PI and 8: receptors. 
A wide range of pharmacological speciticities has. 
in fact, been observed for p-adrenergic receptors in 
different tissue preparations [X71, promptin! the 
suggestion that there may be a virtually limitless 
spectrum of subtypes of /3-adrenergic receptors 131. 
Variations in the observed pharmacological speci- 
ficity of a receptor in a particular organ may. how- 
ever, be due to pharmacokinetic factors other than 
differences in the receptor itself. For example. the 
apparent selectivity of certain drugs for tracheal .#- 
adrenergic receptors as compared to vascular ,&adre- 
nergic receptors was shown to be due to differences 
in the extra-neuron4 uptake of these compounds 
[S]. In addition. the ,f.%adrenergic receptors in a par- 
ticular organ may not ail be da single subtype (‘9. IO]. 
and variations in the pharmacolopical qpccilicity of 
different tissue preparations may be due to \,arving 
ratios of receptor subtypes. These considerations 
have necessitated the development of methods for 
directly quantitating p-adrenergic receptors it? ~.itro. 
using tissue homogenates. 

P-Adretwrgic receptors linked to rrdcrtyltrtc~ c~~~ltrw 

In most tissues, occupation of fi-adrcnergic rrcep- 
tors by agonists leads to an increase in adenylate 
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cvclase activity. Under appropriate conditions this 
e;fect can often be observed following homogeniz- 
ation of the tissue. Since homogenization greatly 
reduces complications due to selective uptake and 
unequal access of drug to the receptor. several stud- 
ies have examined the ph~~rmac~~l~~gical specificity of 
@-adrenergic receptors linked to adenylate cyclase 
in membranes prepared from hon~~~genatcs of a var- 
iety of tissues [ 1 I-IO]. The PZ selective agonists sal- 
butamol and soterenol have been shown to activate 
adenylate cyclase in membranes prepared from the 
lung but not from cardiac tissue 1111 or fat ceils [I?]. 
The PI selective antagonists practolol. mctoprolol 
and para-oxprenolol block p-adrenergic receptor 
stimulated adenylate cyclase activity with a greatel 
potency in heart [ 12-141 and adipose tissue [ 12, 131 
than in liver [l-1> 131. trachea 1131 or lung I I?. 161. 
These studies provide additional evidence for dif- 
ferences in the pharmacological specificity of ,G-adre- 
nergic receptors in different tissues. in addition, 
these studies demonstrate that both ,@I and 0: recep- 
tors can activate adenylate cyclase. 

It is now possible to measure p-adrcnergic rccep- 
tors by directly monitoring the specific binding of 
radiolabeled high affinity antagonists to tissue frag- 
ments [ 17-1O]. The two most widely used ligands are 

(‘H]dihydroalprenolol (DHA; K/I - I nM) and 
[‘“I]iodohydroxyhenzylpindolol (IHYP: Ko - 
50 PM). The binding of these compounds to mem- 
brane fractions from a wide rangc of tissues has hecn 
shown to satisfy the criteria expected for binding to 
~-adrenergic receptors. Binding is saturable. rcversi- 
ble and stereospecific, and displays the pharmaco- 
logical speciticity cxpectcd of binding to jj-;&energic 
receptor:, [ 17-Z 11. 

Experiments employing radioligands have a num- 
ber of advantages over studies carried out itI .sitn 
with perfused organs. The assays are done in tissue 
homogenates so that problems of access of drugs to 
their binding sites are minimized. Since the event 
being examined is the initial interaction of the ligand 
with the receptor. effects of the drug distal to the 
receptor (such as effects on the catalytic moiety of 
adenylate cyclase or on cyclic AMP-dependent pro- 
tein kinasef are eliminated. In addition. compen- 
satory effects mediated through other receptors or 
cellular processes do not OCCCIJ. Since the reaction 
being monitored is a simple bimolecular interaction. 
it can be expected to display certain quantitative 
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characteristics (rates of association and dissociation. 
equilibrium affinity constants) which cm lx esperi- 

mentally determined. Furthermore. clu~untirati~e 
compartsons of the affinities of various drugs foi 
receptors in different tissues is relarivcly slrai@t- 

forward in studies carried out with i/r ~‘ilr’o hindtng 

assays. Finally, the simplicity and tcchnital case with 
which expe&cnts arc l~~rf~)rl~lc~l can res~dt in 

accurate data which is tiighl~ r~producihlc bcttve0~ 
experiments. Thus, r~t~i~~~ii~~tn[~ f~iti~iiti~ ;ISSWS C:I~ 
be very usefuf in ~ietet-tliit?~rig the clasrikGi~m oi 

receptor subtypes. On the other lxrrtci. it k iti~l~(~t-t~tt~~ 
to recognize that most organs contain ;I \ at-ic‘t!’ of 

cell types. For cxatnplc. the mamm:tliitn hritin con- 

tains glial cells and blood wsseis 33 u.011 35 a \,;iricty 
of types ot nwrmx. It 15 likcl! tl:;it /&;cdrc‘ncrijc 

receptors are associated with caoh of thcsc cell Ivpe\. 

It is also possihlc that sonic lissucs ccmt:rin ‘both 
@I- and &-adrenergic receptors and that both rcccp- 

tor subtypes can mediate the \;tme ph~~iol0gi~2tl 
response [9, IO]. 

Resutts obtained with bindint itssa~ II;I\L‘ gm- 

eratly support4 results (~bt~titlc~i \vtth po-fused 

organs or studies of aden~latr cyciasc activity. Thus. 

the pharmacological specrticity of tissues wch ;I\; i’ot 

cells, heart and cerebral cortex appcar~ 10 pat-allcl 

that of @adrenergic receptors. N hilt lung, li\,cr and 

cerebellum appear to contain 3 prepcmcler;tnce of 

@-adrenergic receptors. 
Several groups of investigator< ha\,o attcmptcd to 

use receptor bindin; assays to classify ,&adrerIcr~ic 

receptor subtvpes [23-M]. All of the methods so far 
in use involvkthc same futi~l~ililct~t~il tcchniclur: that 

is. an cx~trnin~lti(In of the ch~tr~tcteri~~ic~ of displacc- 

ment of a radi(Ilig~tiI~l 13~ it drug which shows itt i+lr.ii 
selectivity for 81 or 0: receptork Although this 
approach can he very useful. tkrc arc scvcral basic 

conditions which must he szttisficcl and scnml cm- 

ceptual and methotlolopical pitfall\ whidl tntts;t be 

avoided if one is to develop ;tn ;tccur;ttc method fat 

quantitating fi-adrcnergic rccepfor sttbtylk3. The 

major goal of this commetItar\ is tc) clcfinc the 
assumptions that must be vkticd to \alidatC the use 

of radioligand binding techniqttc\ to stud\ receptor 
subtypes. The discussion will 1~ oriented to a con- 

sideration of ,f3-adrenergic trccptor sitbtypcs, but the 
principles may he directty ~tl~l~lic~t~~l~ to ~.(~t~si~lcr~tti(~ti 
of subtypes ot other ncurcttr:ttrstIIiItcr’ ~cuptor~. 

The fundamental criterion that must bc fttltilletl 
in the delineation of receptor subtypes is that tltc 
pr0pertie.y of the rcwptor tvlcvt hc ror~.~c~r~~c~tl. This 
means that the I.‘harmncolopic~tl specificity of ;I par- 
ticular receptor subtype must he identical in ever\, 

tissue that is esomined. For esatt~ple. the propcrtics 
of a PI receptor in the heart must be the: same ;I\ the 
properties of a PI receptor in the brain. in adipo5i: 
tissue, or even in it tissue that contains 2 pt-cpon- 
derancc of @adrenergic reccplors, \rtch it’r itis lttnp 



follow simple Michaelis-Menten hinetics and display 
no evidence of positive or negative cooperativity. 
Available techniques do not distinguish complex 
negatively cooperative behavior from multiple 
receptor sites. The final assumptio~l is that the 
radioligand has the same affinity for both receptor 
subtypes. This assumption can be easilv examined 
by performing a Scatchard analysis oi saturation 
isotherms of the radiolipand bindrng. If the Scat- 
chard analysis is linear and the apparent KU value 
does not differ signi~c~~ntly between tissues with 
different p~~pulati~~ns of receptor, then it is reason- 
able to assume that the radio&and has a similar 
affinity for each of the receptor subtypes. 

The interactions of a large number of ~~ntag(~nists 
with /3-adrenergic receptors in a variety of tissues 
follow simple Michaelis-Menten kinetics resulting 
in Hill coefficients of 1.0 and linear Hofstee plors 
[17-191. These results are obtained with non-selec- 
tive antagonists, including proprnnolol. alprcnolol. 
sotalol and it)~fohydrt)xybenz),lytinctolol. The Hill 
coefficient of ~‘H~dihydroalprenol~)l binding has 
been reported to be less than 1 even in apparently 
homogenous tissues such as frog erythrocytes [%I. 
This finding complicates interpretation of data 
obtained when [‘Hldihydroalprenolol is used to 
quantitate p-adrenergic receptor subtypes. 

The mteractions of ,%adrenergic receptor5 with 
agonists are apparently more complex than are 
interactions with antagonists. In some tissues. agon- 
ists display shallow-displacement curves consistent 
with apparent negative cooperativity (Hill coefli- 
cients of 0.6 to 0.8) [32. 36, 37). This agonist-specific 
apparent negative cooperativity disappears in the 
presence of GTP. Inclusion of GTP in the binding 
assay also leads to a 4 to IO-fold reduction in the 
apparent affinities of agonists. It is important to note 
that Hill coefficients of less than 1 .O are seen in the 
absence of GTP with both selective and non-selective 
agonists. This apparent negative cooperativity is not 
related to and should not be confused with the 
coexistence of @I and @ receptors in some tissues. 
Thus, in the presence of GTP. the inter~~cti(~ns of 
non-selective agonists with the P-adrenergic receptor 
appear to follow Michaelis-Men&n kinetics and f fill 
coefficients of 1.1) are routinely observed. Tissue 
preparations used for radioligand binding are usually 
washed extensively to remove endogenous hormone. 
Since this washing procedure also removes most itf 
the endogenous GTP [32.X. 371 it is imperative that 
GTP be included in binding assays when selective 
agonists are used to distinguish the receptor suh- 
types. Since GTP affects both /5 and /?J receptors 
[32], failure to include GTP 123-271 leads to apparent 
high and low affinity forms of both receptor subtypes 
for agonists. Thus, tissues which contain only p,- or 
only /3-adrenergic receptors will erroneously be 
thought to contain two subtypes of receptor. f>ata 
obtained with tissues which contain both PI- and 
/3z-adrenergic receptors will be essentially uninter- 
pretable since two high affinity forms and two low 

affinity forms will be present. For example, in the 

to the binding assays when selective agonists were 
used to try to determine the number and properties 
of receptor subtypes. These investigators. therefore, 
reported the existence of both high and low affinity 
sites for both selective and non-sclcctive agonists 
1271. The authors concludcci that the rat heart con- 
tains only p, receptors. I low\ cr. \I hen experiments 
are carried out with antagonists ot- 1% ith agonists in 
the presence of GTP [3], both /3, and 8: receptors 
are clearly been to be present in rat heart. 

M~thf~~~ c_if‘ lftrtir ar~rilw!.,_ 

To quantitate the relative proportions of the two 
receptor subtypes and the affinity of each dru! for 
each receptor, a graphic or mathematical analysts of 
the data is required. Three different methods of data 
analysis are currently in use. Rugg 6~ rtl. /24j have 
transformed their data into a modified Scatchard 
(Hofstee) plot and analyzed it graphically. Minne- 
man et ul. [2Y] have also transformed their data into 
a modified Scntchard (Hofstec) plot and have sub- 
jected it to a computer-aided iterativr analysis to 
calculate the proportions of the two receptor suh- 
tvpes. Hancock et ai. 1271 analyzed their data directly 
without tr~~r~sforln~lti(~n using a non-linear least 
squares computerized curve fitting technique. All of 
these methods have advantages and disadvantages 
which will be discussed in turn. 

The direct graphic analysis of non-linear modified 
Scatchard (Hofstee) plots used by Rugg cv rri. [24] 
is attractive in its simplicity. If drugs were available 
which were entirely selective for @I or fi: receptors. 
this method would yield accurate results. However, 
the most selective drugs currently available have only 
a 20- to 1Wfold selectivity. The errors implicit in 
direct graphic analysis are clearly seen in Fig. I. This 

figure shows theoretical data for a drug &h a %I- 
fold selectivity for the two sites. In c~~lculating the 
data for Fig. 1. the proportion t)f the two receptor 
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(butoxamine and H35125) which have been shown 
to possess in llivo selectivity for p2 receptors [3X], 
appear to have identical affinities for 81 and #?: 
receptors in radioIigand binding assays [IN]. The 
reason for this discrepancv is not clear: however. it 
is possible that the itr V& selectivity of these drugs 
is due to factors other than their aftinitics for the 
receptor. 

Coexistence of /3 rtrld /3z recqtors in N sir@ tissrw 

Cat&son at (11. 19. IO] first suggested that BI and 
BZ receptors could coexist in a single organ. The 
evidence now available from radioligand binding 
studies strongly supports this concept [23-27. 29-341. 
In a variety of tissues, the inhibition of radioligand 
binding by non-selective drugs which have the same 
affinity for /31 and & receptors follows simple mass- 
action principles 124. 291. However. in these same 
tissues, inhibiti[~n of radioligal~d binding by PI and 
& selective drugs is more complex. In rat heart. 
lung, spleen. cerebral cortex, cerebellum. caudate. 
hippocampus and diencephalon. rabbit lung. and 
right atria from cat and guinea pig heart. the inhi- 
bition of specific IHYP and/or DHA binding by @I 
or ,& selective drugs results in biphasic Hofstec plots 
indicative of two binding sites with different affinities 
for the selective drug [X-26. 9, 30. 391. These 
results suggest that both receptor subtypes exist in 
each tissue. The relative proportions of the two 
receptor subtypes range from 85 per cent ,GI (rat 
heart) to 98 per cent /$ (cereheiium from mature 
rats). 

Biphasic Hofstee plots could reflect negative coop- 
erativity rather than the existence of two distinct 
receptor subtypes. However. several lines of evi- 
dence suggest that this is not the USC. In the first 
place. only drugs known to have different affinities 
for PI and 8: receptors show curvilinear Hofstec 
plots [ZY, 301. Other drugs which have similar uffin- 
ities for the two receptors show linear Hofstee plots. 
indicating the absence of cooperative behavior. Fur- 
thermore, all drugs which had been shown to bc 
selective, as assessed by inhibition of ligand binding 
to membranes enriched with respect to @I (rat heart) 
or ,!3 (rat lung) receptors. showed this behavior 
129. 391. Third. in tissues cont~~itli[lg only one recep- 
tor subtype the interaction of selective and non- 
selective drugs followed simple Michaelis-Menten 
kinetics with Hill coefficients of 1 .O [X)1. Other data 
also suggest that the hiphasic Hofstoe plots observed 
with selective drugs are due to the prescncc of two 
distinct types of receptor. The relative proporti~~il 
of the two receptor subtypes. as reflected in the 
apparent curvature of the Hofstee plots, varied 
markedly during development [%I. and the density 
of /XI receptors was affected by various pharmaco- 
logical manipulations. These manipulations had no 
effect on the density of PZ receptors 1.331. These 
observations provide further evidence for the co- 
existence of two independent types of Q-adrenergic 
receptors in the same organ. There are no data 
presently available which directly address the ques- 
tion of whether the two subtypes of /I-adrenergic 
receptor can coexist 111 ;I single ccl]. or \vhether the 
coexistence of these receptors within an qan is due 
simply to the heterogeneity of cell types wlthin that 
organ. 

It is impossible to prove that there are only two 
P-adrenergic receptor subtypes in a given ~IW_W. 
However. the available evidence Wongiy supports 
this conclusion. It is important to note that the 
properties of each receptor subtype are highly con- 
served in all mammalian tissues which have been 
examined. Thus, a PI receptor in one tissue has the 
same pharti~acol~~gical specificity as dots a PI rccep- 
tor in every other tissue [2rlj. FurtherI~l(~r~. the rela- 
tive proportions of the two receptor subtypes in a 
single tissue remain constant regardless ot whether 
a PI or 02 selective agonist or antagonist is used for 
the determination [29]. The results are thus internally 
consistent. The existence of a variable amount of a 
third subtype would be expected to yield discrep- 
ancies in terms of KC> values or in terms of the 
calculated proportion of each subtype. However. it 
would he difficult to identify a third subtype of /S 
adrenergic receptor if its properties were \ery similar 
to those of /SI- or /Sadrenergic receptors. 

The strongest evidence that there al-e only two 
subtypes of p-adreiici-gic receptor COI~ICS trorJJ stud- 

ies of tissues containing only one receptor subtype 
[30]. In these tissues, the inhrbition of specific IHYP 
binding by /L% and fi: selective drugs results in linear 
Hofstee plots, indicating that there is onlv a single 
class of binding sites (3tli. In the left ventricle of cat 
and guinea pig hearts, there appears to he a homo- 
geneous population of /SI receptors. white rat liver 
and cat xoleus muscle contain homogeneous popu- 
lations of /IS receptors [XI]. In these tissues it is 
possible to demonstrate directly that the interaction 
of each drug (including the selective drugs) with the 
receptor follows simple ~~ici~~~elis-~eiiten kinetics. 
yietding linear Hofstce plots and Hill coefticicnts of 
1.0. In addition. one can show that the affinities of 
each drug for each receptor in tissues that contain 
only one receptor subtype agree well with the XffiJl- 

ities calculated from the computer-aided analyses of 
biphasic Hofstce plots [XI]. This evidence strongly 
suggests that there arc only two ~-~~drcil~rgic recep- 
tor subtypes in mammalian tissue\. 

P-Adrenergic* receptor.s irl tlorz-r,nr,~lrllrrlitrrl ti.c.surs 

As discussed above, there is good evidence that 
only two subtypes of P-ndrenergic receptors exist in 
mammaljan tissues. However, in at least some non- 
mammalia~~ tissues the kinetic properties and phar- 
macological specificity of /?-adrencrgic receptors are 
distinct from those of mammalian BI- or /&adre- 
nergic receptors. The /Sadrenergic receptor of the 
turkey erythrocyte haa been compared to mammal- 
ian /31 and p: receptors 118. JO]. Although turkey 
erythrocytes contain an apparently h(~i~~o~en~~~~ls 
population of @-adrencrgic receptors. these recep- 
tors have major kinetic and pharmacological diffcr- 
ences that clearly distinguish them from mammalian 
,& or /$ receptor4 [N]. In addition. charactcri5ticy 
of the /+adrcnrrgic receptor> in frog ervthrocqtcs 
\?I\ and hearts f 17) are vcr> dift’crcnt from thos_z WC 
have observed for ~~~~l~~~~~~~~ii~~~~ PI OJ- & J-cceptors 



4. 

There is now convincing evidence that many tnm- 

tnalian organs contain 170th /IS- and ~htcfrenerpic 

receptors and that chc relzrtive proportion of the two 

subtypes varies widely in tliffcrent species :tntl 

organs. The coexistence of PI- and /3-adrcnergio 

receptors may explain man); of the differences in 

relative drug potencies that have hcen described in 
studies with intact organs. Sevcrai mcth~rls have 

been developed rcccntly which permit it ~~u~tlitit~~ti~e 
determination of’ the density and propcrfies of @I- 

and /3:-adrencrgic receptor\ 111 tissues which contuin 

both receptor suht~lxs. ‘The results obtained supgcst 
that there XC only two subtypes of f3-adrenergic 

recepttrra in nianitiiaIi~~n org;tns [iO/. ‘rhc t\v~~ wh- 
types develop in~jcp~lldcr~tiy in regions of the rat 

brain [RSl. an d the reiativc distrihuticrn \aries wideI: 

in different ctra;tns {29]. Furthermore. the relative 

densitie\ of @I- and /3:-adrenergic receptitrs are 
independently affected hy wriow phitrtnacoloFical 

tnanipitlatiotis [X1]. 

6. 

10. 

15. 
Ih. 

The cxistcncc of it~~i~~en~i~tlti~ regulated @tdrc 

nergic receptor suhtypcs makes it imper;ttive to 
assess separately: the effect of a given ~~~~~si~~l(~~ic~tl 

or pharmacoloptcal manipulation on the receptor 
subtypes present in ;I tissue. The methods which are 

now available to study /3-adrenerpic receptor cub- 
types each have strengths and weaknesses and must 
be used with caution (see Table 3). In ;tny c;~\e. it 

is likely that ~p~~lic~tt~o~l of mcihods similar to those 
now available to study /31- and /3:-adrener+ic recep- 
tors will be useful in ~~Lt~tl~tit~tti~c studies ot subtypeS 
of other neurotr;tllcniittcr and hormone rrccptor\. 
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