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MEDICAL PRACTICE

Occasional Revziew

Radioligand binding studies of adrenergic receptors
and their clinical relevance

PETER J BARNES

Responses to catecholamines are mediated by highly specific
cell surface receptors (adrenoceptors) that bind the catechola-
mine with high affinity, and then relay the signal so that the
characteristic cellular response follows.

Adrenoceptor classification

Ahlquist in 1948 first recognised that there were two distinct
types of adrenoceptor, which he was able to differentiate by
comparing the rank order of potency of several adrenergic
agonists in various tissues.' Alpha-adrenoceptors which mediate
smooth muscle contraction were characterised by the potency
order adrenaline > noradrenaline > isoprenaline and beta-
adrenoceptors, mediating relaxation, by the rank order
isoprenaline >adrenaline >noradrenaline. Since then specific
antagonists such as phentolamine, which blocks x-adrenorecep-
tors, and propranalol, which blocks ~-adrenoreceptors, have
been developed. Beta-adrenoceptors have been subclassified into
3,-receptors, which mediate positive inotropic cardiac re-

sponses and lipolysis and for which adrenaline and noradrena-
line are equipotent, and e3 -receptors, which mediate relaxation
in vascular, bronchial, and uterine smooth muscle for which
adrenaline is more potent than noradrenaline.' Antagonists such
as practolol, atenolol, and metroprolol are more potent at P,-
than 5,-receptors (and are therefore termed "cardioselective"),
whereas agonists such as salbutamol and terbutaline are more

potent at ! than X3,-receptors (and are therefore termed
"selective" bronchodilators).
Some tissues show a response intermediate between 53 and

:3.-receptors, which may be explained by the co-existence of both

types of 3-receptor. More recently, the existence of a-receptor
subtypes has been recognised, based on the development of
selective agents.' Alpha,-receptors are the classical post-synaptic
x-receptors which mediate smooth muscle contraction, whereas
a2-receptors, located presynaptically, reduce the amount of
noradrenaline released from the nerve ending-that is, an

autoinhibitory effect. There is some evidence that ac-receptors
may also be located post-synaptically and on platelets. Prazosin
is a selective antagonist of cxl-receptors and the plant alkaloid
yohimbine a selective antagonist of a,-receptors, whereas phento-
lamine is equipotent at al and a2-receptors. Clonidine is a more

potent agonist at a. than otl-receptors.

Adrenoceptor function

Once activated by agonist, adrenoceptors bring about the
appropriate cellular response, and there have recently been
considerable advances in our understanding of the mechanisms.
In the case of 5-receptors binding of agonist activates the
membrane-bound enzyme adenylate cyclase.4 It is suggested
that binding of catecholamine agonists to adrenoceptor changes
the fluidity of the cell membrane so that the hormone-receptor
complex diffuses laterally along the membrane surface until it
couples with and thereby activates adenylate cyclase.5 This
activation process concerns a guanine nucleotide regulatory
protein that binds guanosine triphosphate.2 Activated adenylate
cyclase then stimulates conversion of adenosine triphosphate to
adenosine-3',5'-monophosphate (cyclic AMP), which serves as

the "second messenger" for the hormone and activates intra-
cellular protein kinases. These in turn cause phosphorylation of
enzymes that lead to the characteristic cellular response, such as

relaxation of smooth muscle cells. By contrast, a2-receptors
appear to inhibit adenylate cyclase activity and therefore reduce
cyclic AMP levels.7 Alpha,-receptors do not affect the adenylate
cyclase system and probably have a direct effect on calcium ion
flux across the cell membrane.8
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Radioligand and binding

Recently a new approach has been used in the study of
adrenoceptors which takes advantage of the high affinity of the
receptor for adrenergic agents and uses radioactively labelled
agonists and antagonists to label receptors directly. Radioligand
binding entails incubating a cell membrane preparation that
contains the receptors with the radioactive adrenergic agonist or

antagonist (radioligand), then separating and counting the
receptor bound radioactivity. Initial studies were unsuccessful
because a large amount of radioligand was bound to non-receptor
proteins (non-specific binding), obscuring binding to the
adrenergic receptors (specific binding). The development of
high affinity ligands with a high specific radioactivity and
technological advances that allow rapid separation of bound and
free radioligand has made it possible to identify binding that has
all the characteristics of adrenoceptors. 9 Specific binding is then
defined by the amount of binding that has been displaced by a

high concentration of competing drug, such as phentolamine
(for a-receptors) or propranolol (for ,-receptors). By increasing
concentrations of radioligand it is possible to measure the
affinity of binding and also the number of binding sites or

receptor density.
Beta-adrenoceptors have been successfully labelled with the

antagonists tritiated-dihydroalprenolol (3H-DHA) and 1251_
hydroxybenzylpindolol and with the agonist 3H-hydroxy-
benzylisoprenaline, which label both (, and (2-receptors.9
Alpha-receptors have been identified using 3H-dihydroergo-
criptine,'0 which labels a, and a2-receptors, and 3H-prazosin,
which selectively labels al-receptors."1

Binding of these radioligands shows the expected character-
istics of adrenoceptors. Binding is saturable, indicating that a

finite number of receptors is present, and is of high affinity of
the same order as determined by physiological experiments. In
competition experiments with other adrenergic agonists and
antagonists the rank order of potency in displacing specific
binding is in agreement with the known pharmacological
potency of these agents; thus for3H-DHA binding isoprenaline
is much more potent than noradrenaline, whereas for 3H
prazosin binding noradrenaline is more potent than isoprenaline.
Binding is stereospecific with the L-isomer much more potent

than the D-isomer.
Changes in adrenergic responsiveness could be due to altera-

tion in either adrenoceptor affinity, receptor number, or in the
coupling of receptor to effector mechanisms. With radioligand
binding it is possible for the first time to make direct measure-

meni s of both receptor affinity and number. These methods have
been successful in various tissues and animals, but the applica-
tion of this technique to man has been hampered by the
difficulty in obtaining suitable tissue. The demonstration,
however, that circulating human lymphocytes12 and poly-
morphs"3 bear (2-adrenoceptors (about 1500 receptors/cell) and
platelets14 bear a2-receptors (about 500 receptors/cell) makes it
possible to study adrenoceptors directly in man.

Molecular mechanisms

Direct binding techniques have been used in further elucidat-
ing the molecular properties of adrenoceptors. In competition
studies with selective adrenergic antagonists the existence of

and (2 receptor subtypes has been confirmed and in several
tissues both subtypes coexist."5 16 Similarly xl and a,-receptors
have been clearly differentiated, and most tissues contain a

mixture of the two subtypes.7 Now that quantification of
receptors is possible it has become clear that only a percentage of
available receptors need to be occupied by the agonist to elicit
a maximal response, suggesting that there are "spare receptors."
These spare receptors provide a means by which changes in
receptor number can regulate cellular sensitivity to catechola-
mines without changing the maximal response.'7

Mechanisms of receptor-effector coupling have also been
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studied. Computer-modelling of competition curves indicate
that (-receptors and a,-receptors exist in either low or high
affinity forms. In the presence of an agonist the high affinity
form of receptor is induced, resulting in activation of nucleotide
regulatory protein, which then primes adrenylate cyclase for
activation by GTP.18 Receptor affinity is also modulated by
cations: sodium ions reduce, whereas magnesium ions increase,
binding affinity for agonists but not antagonists, although
whether this has clinical relevance is uncertain.

Regulation of receptors

By enabling measurement of both receptor affinity and number
radioligand binding methods have greatly advanced under-
standing of various factors that regulate adrenoceptors. It is now
apparent that a wide variety of hormones, drugs, and physio-
logical and pathological conditions may change adrenoceptor
number and therefore sensitivity of tissues to catecholamines.'9
Many of these findings have important clinical implications.
Regulation of adrenoceptors by catecholamines themselves has
been termed homologous regulation, and by other influences as
heterologous regulation.

Homologous regulation

Catecholamines regulate the concentration of their own
receptors. An increase in catecholamine concentrations reduces
the number of adrenoceptors ("down regulation") and conversely
a reduction in agonist concentration increases receptor density
("up regulation"). This provides a means by which cells may be
protected from excessive stimulatory concentrations of cate-
cholamines by turning down receptor number yet are able to
retain sensitivity to catecholamines when levels fall. In man there
is a good inverse correlation between lymphocyte 3-receptor
number and circulating catecholamine concentrations suggesting
that physiological fluctuations in catecholamines determine
(-receptor density.20

DOWN REGULATION

High concentrations of adrenergic agonists reduce receptor
numbers, leading to reduced tissue responsiveness to catechola-
mines.2" This appears to be the molecular basis for tachyphylaxis
or desensitisation. The mechanism of this reduction in receptor
number is uncertain but may entail a change in shape of the
receptor molecule or sinking of the receptor into the cell
(internalisation). Desensitisation may also include increased
formation of the low affinity form of the receptor, resulting in
reduced affinity of binding.'8 Down regulation represents a
generalised homoeostatic mechanism whereby tissues are
protected from excessive levels of specific hormones.

In phaeochromocytoma with high concentrations of circulat-
ing catecholamines there is an appreciable reduction in lympho-
cyte (-receptor number,20 which underlies the protective
reduction in adrenergic sensitivity in this condition. (-adrenergic
agonist bronchodilators, such as salbutamol and terbutaline,
cause a reduction in lymphocyte5-receptor density in both
normal subjects and asthmatic patients, and the reduced
responsiveness to5-agonists reported in asthma is probably
due to previous adrenergic treatment.2
Down regulation has also been shown with a-receptors.

Adrenaline causes a reduction in human platelet a-receptors
associated with a reduced ability of adrenaline to cause platelet
aggregation." Withdrawal of clonidine may cause rebound
hypertension24 and may be another clinical example of down
regulation. Chronic treatment with clonidine, a a-agonist, may
reduce central and peripherala2-receptors so that when suddenly
stopped there is a relative paucity of feedback inhibitory ao-
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receptors. This results in increased noradrenaline release from
noradrenergic nerves giving rise to hypertension.

UP REGULATION

By contrast experimental sympathetic denervation (either
surgically or pharmacologically with guanethidine or 6-
hydroxydopamine) removes the tonic release of neurotransmitter
noradrenaline, leaving adrenoceptors unoccupied. This results
in an increase in adrenoceptor number leading to increased
adrenergic responsiveness or denervation hypersensitivity.25
Similarly, chronic blockade of adrenoceptors by specific
antagonists causes an increase in receptor number. In man
chronic administration of propranolol increases leucocyte
5-receptor numbers.26 After abrupt withdrawal of propranolol,
plasma concentrations rapidly fall but the increased 5-receptor
density may persist for several days. This may explain the
supersensitivity of 5-receptor mediated responses that result in
"rebound angina" when 3-blockers are stopped.2 Possibly
[3-antagonists with intrinsic sympathomimetic activity such as
oxprenolol would not lead to such an increase in p-receptor
numbers and would be less likely to be associated with rebound
angina.

Heterologous regulation

Since radioligand binding methods have been available many
hormones, drugs, and physiopathological states have been shown
to influence adrenoceptor numbers. Several of these conditions
may do this by changing catecholamine concentration at the
receptor and are therefore really examples of homologous
regulation. Thus tricyclic antidepressants reduce 5-receptor
numbers in rat brain by inhibiting reuptake of noradrenaline,
which results in down regulation of receptor numbers.28

ASTHMA

Asthmatic patients show various reduced 3-adrenergic
responses, and this reduced f-adrenergic responsiveness may
underlie the bronchoconstriction of asthma.29 Lymphocytes
from asthmatic patients did indeed have fewer 5-receptors
compared with normal subjects,30 but it soon became apparent
that this was due to down regulation from previous l-adrenergic
bronchodilator treatment.22 Nevertheless, in untreated asthmatic
patients there was still a small but important reduction in
lymphocyte P-receptor number compared with normal subjects,
and the more severe the airways obstruction the lower the
5-receptor number.:" Increased a-adrenergic responsiveness has
been described in asthmatic patients32 but little is known about
the role of 2-receptors in human asthma. In an animal model of
chronic asthma a small decrease in pulmonary n-receptor
numbers but a pronounced increase in 2-receptor numbers has
been shown..3 In human lung there is some evidence for
increased 2-receptors in lungs from patients with airways
obstruction.34 Possibly in asthma there is a shift in the balance
between bronchoconstrictor 2- and bronchodilator f-receptors
in the airways.35

STEROIDS

Corticosteroids have been shown to increase 3-adrenergic
responsiveness in vitro, and in normal subjects the reduced
responsiveness to inhaled i-agonists after prolonged administra-
tion may be reversed by intravenous hydrocortisone.'6 Chronic
administration of hydrocortisone caused a considerable increase
in rat lung 5-receptor density23 and high dose oral steroids an
increase in lymphocyte 5-receptor density in normal and
asthmatic subjects.38 This suggests that one function, although

probably not the most important, of steroids in asthma may be
to increase airway 3-receptors.

HEART FAILURE

In the failing heart various compensatory mechanisms operate
to maintain normal output. In an animal model of chronic heart
failure there was a considerable increase in both a- and ,B-
receptors in the heart, and these changes were associated with a
depletion of myocardial noradrenaline content.39 This increase
in adrenoceptors would lead to an increase in adrenergic
responsiveness to circulating catecholamines and lead to an
increased inotropic response. These findings emphasise the
deleterious effects that 5-blockers may have in heart failure.

THYROID DISEASE

Some of the features of hyperthyroidism resemble the effects
of 3-adrenergic stimulation, and since there is no increase in
circulating catecholamines it was suggested that increased
3-receptor number or affinity may occur in this condition.

Indeed, in rats thyroid hormone administration resulted in
increased cardiac 3-receptor density.40 Conversely, rats made
hypothyroid had reduced cardiac f-receptor number whereas
the number of a-receptors increased,4' suggesting that thyroid
disorders may result in a shift in balance or interconversion
between a- and f-receptors." In man, however, there is no
evidence for any changes in f-receptor number on circulating
leucocytes in thyroid disease.43

MISCELLANEOUS

Reduced lymphocyte 3-receptor number has been shown in
aging man, which may explain the reduced sensitivity to cate-
cholamines in the elderly.44 This is probably related to an
increase in circulating catecholamines in the elderly, however.
In animals there is a change in adrenergic responsiveness of the
uterus during the oestrus cycle; adrenaline exerts an x-adrenergic
effect during oestrogen dominance but a f-adrenergic effect
during progesterone dominance. Binding studies have shown
that there is a pronounced increase in a-receptor density with
oestrogen dominance, which then falls during progesterone
dominance, while the f-receptor density does not change.45 In
human platelets oestrogens increase ct,-receptor density which
may be responsible for increased platelet aggregation, and there-
fore tendency to thrombosis associated with high oestrogen oral
contraceptives.46 In spontaneously hypertensive rats there are
reduced numbers of f-receptors in arteries and myocardium.
This may underlie the f-adrenergic hyporesponsiveness shown
in hypertension and may be relevant to its pathogenesis since
compensatory f-receptor mediated vasodilatation would be
defective.47

Administration of amphetamines48 and withdrawal of alcohol49
are associated with increased cardiac f-receptor density in rats.
This may underlie the hyperadrenergic state in these conditions
in man. Essential thrombocythaemia is a rare myeloproliferative
disorder with increased numbers of platelets and complicated by
thrombosis and haemorrhage. The platelets show reduced
adrenaline-induced aggregation, which is associated with a
reduction in platelet a2-receptors.50 Abnormalities of platelet
2-receptors may possibly underlie other disorders of platelet
function.

Radioreceptor assays

Another area where radioligand binding studies may be
clinically relevant is in their use to measure the concentration of
adrenergic drugs in biological fluids using the same principles as
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radioimmunoassay. By using a 5-receptor preparation from
bovine lung it is possible to measure the concentration of various
3-blockers in plasma.51 Because of the extremely high affinity

and specificity of the receptors it is possible to measure very low
concentrations of 5-blockers, which makes the assay very sensi-
tive. Radioreceptor assays would be very useful in measuring
the plasma concentrations of 5-blockers for which no simple
assay exists. Binding assays are also useful in the rapid screening
of new pharmacological compounds for activity as a- and 3-
receptor agents, and also provide a simple means of studying the
pharmacological selectivity of new drugs.

Conclusions

Direct radioligand binding studies of adrenoceptors have led
to a more precise understanding of their function and particu-
larly of the various factors that regulate function. Recent studies
showing alterations in receptor density in animal models and in
clinical disorders have given further information on the under-
lying mechanisms of disease and may lead the way to more
rational treatment.

I thank Professor C T Dollery for helpful discussion and comments
in preparing this manuscript.
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