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The early history of adrenergic receptors, encom-
passing the first half of this century, is closely asso-
ciated with the adrenal gland and the investigation
of the effects of its major catecholamine, adrenaline.
Although the high concentration of adrenaline facil-
itated its chemical identification, this focus on the
chromaffin tissue of the adrenal gland diverted at-
tention from the rest of the sympathetic nervous sys-
tem. It was not until 1948 that it was shown that
sympathetic nerves released noradrenaline rather
than adrenaline. Since then, the study of how these
catecholamines interact with the effector cells of the
sympathetic nervous system has led the way for
other neural and humoral chemical transmitters.
The aim of this chapter is to describe briefly some of
the early history of adrenergic receptors and review
the current state of knowledge about the major re-
ceptor subtypes (i.e., a), as, 81, Bs).

TWO SYMPATHETIC
TRANSMITTERS OR TWO
RECEPTOR TYPES ?

By the beginning of this century, the work of Lang-
ley, Elliot, and others had identified adrenaline as
the agent in extracts of adrenal medulla that con-
tracted some smooth muscles, relaxed others, and
raised blood pressure. In 1911, Cannon and de la
Paz observed the similarity between the physiologi-
cal reactions to stress mediated by the sympathetic
nervous system (cardioacceleration, inhibition of gut
motility) and the effects of adrenaline. In an attempt
to reconcile the inhibitory and excitatory actions
produced by the sympathetic nervous system, Can-
non and Rosenblueth (1933) proposed that two
chemical transmitters were released during sympa-
thetic stimulation: sympathin I produced the inhib-
itory effects and sympathin E produced the excit-
atory effects. However, it was subsequently deduced
that these two different responses were the result of

different adrenergic receptors, not different chemical
transmitters.

Probably the earliest indication for multiple ad-
renergic receptors was the demonstration by Dale
(1906) that ergot extracts blocked, and in some cases
reversed, the effects of adrenaline or sympathetic
nerve stimulation. Two studies published at the end
of the 1940s provided the foundation for our current
understanding of sympathetic transmission.

In 1948, Ahlquist presented evidence for two ad-
renergic receptors. He used six different catechol-
amines and determined their relative potencies in
over 20 intact and isolated animal preparations from
four different species. When the six test compounds
were arranged in order of potency, the data segre-
gated into two groups. In the first, designated as a-
receptor-mediated, adrenaline was the most potent,
noradrenaline was the second most potent, and the
synthetic agonist, isoproterenol, was the least potent
(i.e., sixth in order). In the second group, designated
as S-receptor-mediated, isoproterenol was most po-
tent, adrenaline was second most potent, and nor-
adrenaline was least potent.

This was probably the first time an agonist-based
classification was used to demonstrate different re-
ceptor types. Ahlquist argued that adrenaline was
the only sympathetic neurohormone and all the re-
sults of sympathetic stimulation could be explained
in terms of adrenaline’s action on either a- or 8-re-
ceptors. However, at the same time von Euler (1948)
and others demonstrated that noradrenaline, not
adrenaline, was the predominant catecholamine re-
leased from stimulated sympathetic nerves. The o/8
concept was further strengthened when Powell and
Slater (1958) showed that dichloroisoproterenol was
a selective antagonist/partial agonist of 8-receptors.
Ahlquist’s work provided the model for future clas-
sifications of receptor subtypes from which derive
current ideas about the four adrenergic receptors,
their tissue distributions, and the responses they me-
diate (Table 2-1).
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Table 2-1 Tissue Distribution and Responses Mediated by Adrenergic Receptors

Receptor Tissue Response
a) Smooth muscle: vascular, iris, radial ureter, Contraction
pilomotor, uterus sphincters (gut, bladder)
Smooth muscle (gut) Relaxation
Heart Positive inotropic (8,> «;)
Salivary gland Secretion
Adipose tissue Glycogenolysis
Sweat glands Secretion
Kidney (proximal tubule) Gluconeogenesis, Na* reabsorbed
ay Presynaptic autoreceptor on sympathetic nerve Inhibition of NE release
endings
Platelets Aggregation, granule release
Adipose tissue Inhibition of lipolysis
Endocrine pancreas Inhibition of insulin release
Smooth muscle (vascular) Contraction
Kidney Inhibition of renin release (?)
B Heart Positive inotropic effect; positive chronotropic
effect
Adipose tissue Lipolysis
Kidney Renin release
B2 Liver Glycogenolysis, gluconeogenesis

Skeletal muscle

Smooth muscle: bronchi, uterus, gut vascular (skeletal

muscle) detrusor, spleen capsule
Endocrine pancreas
Salivary gland

Glycogenolysis, lactate release
Relaxation

Insulin secretion (?)
Amylase secretion

a;- AND o,-RECEPTORS

Brown and Gillespie (1957) wanted to investigate
the phenomenon of posttetanic facilitation (i.e., the
increased response to a single stimulus that follows
a high-frequency burst of stimuli) with a view to es-
tablishing its relationship to transmitter release.
After treating a cat with dibenzyline or dibenamine
(irreversible a-receptor antagonists), they found that
the output of noradrenaline from the spleen at low
stimulus frequencies increased about 5-fold. They
explained these results by concluding that noradren-
aline was metabolized on the adrenergic receptors,
even though they also presented data that showed
that these drugs had no effect on the metabolism of
exogenous noradrenaline. With the availability of
tritium-labeled noradrenaline, it has been possible to
show that the release of noradrenaline is greater in
the presence of a-blockade and the increased over-
flow of transmitter is not due to reduced inactivation
of transmitter (Kirpekar et al., 1973). Alpha block-
ade also inhibits the response of the cat spleen to
sympathetic stimulation, so the question remained
whether this inhibition was related to the increased
noradrenaline release. This problem was resolved
when it was shown that «-blockade also increased
stimulated noradrenaline release from cardiac tissue,
where the sympathetic response is elicited primarily
through 8-receptors (Starke et al., 1971).

Langer (1974), considering that the concentra-
tions of phenoxybenzamine needed to block the
postsynaptic response differed from those required
to enhance transmitter release, suggested that the
postsynaptic receptors be referred to as «, and the
presynaptic receptors be referred to as «,.

ARE ALL o,-RECEPTORS
PRESYNAPTIC AUTORECEPTORS?

No! is the answer to this question. Exceptions to a
subdivision of a-receptors on the basis of location
were soon discovered. Alpha-mediated responses
with similar pharmacology to the presynaptic a-re-
ceptor (i.e., a;) have been found on adipocytes,
platelets, vascular smooth muscle, and pancreatic
islets. These receptors are functional. For example,
Drew and Whiting (1979) demonstrated vasocon-
striction due to postjunctional a,-receptors.
Berthelsen and Pettinger (1977) suggested a clas-
sification on the basis of function: «, being excit-
atory and «, being inhibitory. However, classifying a
receptor as inhibitory or excitatory is an arbitrary
label dependent on the point of view. If binding of
an agonist to an a,-receptor in blood vessels first in-
hibits an enzymatic activity, but this subsequently
leads to vasoconstriction, then a,-receptors could be
classified as either inhibitory or excitatory.
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The current methods of subclassifying a-receptors
employ a combination of biochemical and pharma-
cological approaches. Selective agonists and antago-
nists have been developed that can be used to
classify a-adrenergic responses as either ;- or a,-re-
ceptor-mediated. A selection of these compounds is
listed in Table 2-2. The biochemical approach to
subclassification of a-receptors is discussed in the
section on signal transduction and second
messengers.

SIGNAL TRANSDUCTION AND
SECOND MESSENGERS AS A
MEANS TO CLASSIFY
a-RECEPTORS

Even before the subclassification of a-receptors,
Hokin and Sherwin (1957) had shown that adrena-
line stimulated the turnover of phosphatidylinositol
(PI) in salivary gland. This effect was blocked by di-
benamine and ergotamine, indicating that an a-re-
ceptor was involved. Over the next 20 years, it was
consistently found that increased phosphatidylinos-
itol turnover stimulated by an adrenergic agonist
was mediated by an a-receptor (see Michell, 1975
for review). Tolbert et al. (1980) showed that pra-
zosin was much more potent than yohimbine as an
inhibitor of the adrenaline-induced increase in phos-
phatidylinositol turnover in isolated hepatocytes.
This pointed to «;-receptor involvement in the re-
sponse. Subsequent studies support the generaliza-
tion that the primary response to activation
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Table 2-2 The Pharmacology of a-Receptors
Receptor Agonist Antagonists
o) Methoxamine Prazosin
Phenylephrine BE 2254
Corynanthine
a; UK-14, 304 Yohimbine
a-Methyl-NE Idazoxan
Tramazoline Rauwolscine
Xylazine
Clonidine*

“Partial agonist.

of «j-receptors is increased phosphatidylinositol
turnover.

Michell (1975), in his review, noted that increased
phosphatidylinositol turnover was often associated
with calcium mobilization and deduced that the for-
mer preceded the latter. Our current understanding
of how receptor-stimulated hydrolysis of phosphati-
dylinositol can lead to the generation of second mes-
sengers inside the cell is shown in Figure 2-1. It is
unclear at the moment whether there is a G protein
(i.e., a protein that binds guanine nucleotides; see
Gilman, 1984 for review), analogous to those that
link the other adrenergic receptors to adenylate cy-
clase, between the «)-receptor and the phosphodies-
terase that cleaves phosphatidylinositol-4,5-phos-
phate to diacylglycerol and inositol-1,4,5-phosphate.
The end result is liberation of two compounds that
are potential second messengers.

| Ca?* Stores |
Ca2§
Phospholipase
C Protein
Inositol-1,4,5- Ca*/Calmodulin|
Trisphosphate Kinase
I a;-Agonist I——>
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Bisphosphate \
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Figure 2-1 Pathways for hydrolysis of inositol phospholipids. (Adapted from Berridge, 1984, with permission of the author

and publisher.)
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The subsequent metabolism of inositol-1,4,5-
phosphate becomes more complex as it is investi-
gated, but the ultimate consequence is held to be re-
lease of calcium from internal stores such as the en-
doplasmic reticulum. Elevated intracellular calcium
can then influence a range of cellular events, includ-
ing vesicle-mediated secretion and contraction (in
muscle cells), as well as increases in both synthesis
and hydrolysis of cyclic nucleotides [cyclic adeno-
sine monophosphate (CAMP) and cyclic guanosine
monophosphate (cGMP)]. The effects on cyclic nu-
cleotide metabolism can be attributed in part to
binding of calcium to the ubiquitous calcium-bind-
ing protein caimodulin.

Diacylglycerol on the other hand remains in the
membrane and acts as an anchored binding site for
protein kinase C (for reviews, see Nishizuka, 1983;
Blackshear et al., 1988). Protein kinase C activation
also requires calcium and phosphatidylserine as co-
factors. The tumor-promoting phorbol esters also
stimulate protein kinase C. Activation of protein ki-
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nase C also seems to lead to its movement to a
plasma membrane compartment and a parallel re-
duction in the concentration of soluble protein ki-
nase C. Even while membrane bound, this kinase
can still phosphorylate cytoplasmic proteins such as
myosin light chains. As a further complication, di-
acylglycerol can be metabolized by one of two pos-
sible routes resulting in the liberation of arachidonic
acid (which is usually esterified at the 2-position in
diacylglycerol), from which prostaglandins can then
be synthesized (see Berridge, 1984 for review).

The idea that a-adrenergic activation can lead to
the inhibition of adenylate cyclase activity and re-
duced synthesis of CAMP also predates the «,/a;
subclassification (Robison et al., 1972). Adipocytes
respond to adrenaline with an increase in cAMP
synthesis (i.e., a B-receptor-mediated effect). The
cAMP accumulated in response to a (3-selective ag-
onist (e.g., isoprenaline) or to adrenaline in the pres-
ence of an a,-antagonist is up to 10-fold higher. Al-
though «; activation will lower basal levels of cAMP

NH,

EXTRACELLULAR

YGXY) QL F
(5 )¢ "F F,F
5 “ose 8%
oo o't VRS
’:1’ L v’cl*o v 5O0C
vtvt N './AAtL Tbtr .
. | R E . N00 F
oy 0% &)
A R F
kRRT 00000 ?LIOh
; ®
INTRACELLULAR NEOCC0 QRQG
P Oy ®
8- 200 00000000 GOS0CLRRT-O-00 200" % P
®
Qo AOEEVEEE
) &
0 0-0:0- 00 - CO0CON
®)

O
009000000000@@00 . » 00 0600000060CG0000600060,: 0000008,

Figure 2-2 Deduced structure of the a,- and §8,-adrenergic receptors. (The illustration on the left of the a,-receptor sequence
was taken from Regan et al., 1988, and the 3,-receptor sequence on the right was taken from Dohlman et al., 1987, with

permission of the authors and publishers.)
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synthesis, this is only by a factor of two. Thus, «,-
receptors are more effective at inhibiting stimulated
than basal cAMP synthesis. In addition, this effect is
not restricted to adrenergic mechanisms. Forskolin
activates adenylate cyclase directly, apparently with-
out a G protein intermediary, yet o, activation sig-
nificantly inhibits its action (Burns et al., 1982).

a,-Receptors appear to be similar to other recep-
tors that are negatively coupled to adenylate cyclase
in that they lower the maximum rate of CAMP syn-
thesis but do not affect the affinity for substrate. The
precise mechanism by which a,-receptors inhibit cy-
clase has not been elucidated, though it appears that
guanosine triphosphate (GTP) is .necessary for
function.
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ARE THERE MORE THAN TWO
a-RECEPTOR SUBTYPES?

The a,/a, nomenclature continues to be a valuable
classification scheme, but arguments have been
made for further subdivisions of a-adrenergic recep-
tors. These arguments have been based on agonist
affinities, antagonist affinities, requirement for extra-
cellular calcium rather than mobilization of intra-
cellular calcium stores, and linkage to PI turnover
(see Han et al., 1987 and Flavahan and Vanhoutte,
1986 for reviews). The subject is made confusing by
the usage of subscript suffixes (e.g., ay, o)1) aay
a4, ap) that are neither consistent nor equivalent.
Further investigations are needed to determine
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Figure 2-2 (Continued)
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whether greater subclassification of «;-receptors is
needed, but the reader should keep this possibility in
mind.

High- and low-affinity states of «,-receptors have
been described and are expected from the linkage of
these receptors to G proteins (see below). There is,
however, evidence for more than one kind of «,-re-
ceptor. Subtypes of a,-receptors have been suggested
on the basis of differential affinity for the antagonist
rauwolscine (Alabaster et al., 1986). Heterogeneity
in a,-receptors is supported by the discovery of two
genes (one expressed in platelets, the other in the
kidney) that are localized to different chromosomes
(Regan et al., 1988). Inhibition of cCAMP synthesis
does not appear to reduce norepinephrine release
(see Bylund and U’Prichard, 1983 for review). Thus,
there is the possibility that there is a third gene en-
coding the presynaptic a,-autoreceptor.

There is the potential for a number of a-receptor
subtypes. Some of these problems may be resolved
when the receptor proteins from the different tissues
are cloned and their amino acid sequences are com-
pared (Figure 2-2).

B-RECEPTORS STIMULATE
ADENYLATE CYCLASE AND
ELEVATE INTRACELLULAR cAMP

Sutherland and co-workers (reviewed in Sutherland
et al., 1965) uncovered the link between adrenergic
stimulation, cCAMP synthesis, and hepatic glycogen-
olysis. The cAMP produced inside the cell activates
protein kinase A, which in turn phosphorylates
phosphorylase kinase. This step activates phosphor-
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ylase kinase, which now converts inactive glycogen
phosphorylase to the active form, resulting in the
breakdown of glycogen into glucose-1-phosphate
(Figure 2-3). The increase in cAMP also inhibits the
synthesis of glycogen by stimulating the phosphory-
lation of an inhibitor that then binds to and inhibits
a phosphatase. The role of the phosphatase is to de-
phosphorylate both phosphorylase kinase (to inacti-
vate it) and glycogen synthase (to activate it).

From this work, Sutherland and co-workers sug-
gested that activation of B-receptors increases CAMP
synthesis by stimulating adenylate cyclase. The
major components of this system have been isolated
(see Gilman, 1984 for review) and are shown in Fig-
ure 2-4. As a result of the binding of agonist, the re-
ceptor undergoes a conformational change that al-
lows it to bind to a G protein complex, in this case
G, because adenylate cyclase will ultimately be stim-
ulated. The G protein is composed of three subunits:
G., G, and G,,. G,, also has bound GDP in the ab-
sence of agonist. After the agonist-receptor complex
binds to the G protein complex, the GDP is replaced
by GTP and G, dissociates from the complex. This
activated form of G, now binds to and stimulates the
catalytic subunit of adenylate cyclase to synthesize
cAMP from ATP. When the GTP is hydrolyzed to
GDP, G,, dissociates and now reforms the G protein
complex with the other G subunits to await further
binding to the agonist-receptor complex.

This process is not unique to g-receptors. In the
liver, for example, glucagon stimulates cAMP syn-
thesis through the same pool of G, complex and ade-
nylate cyclase, though it binds first to a different re-
ceptor protein. This is one reason why the response
of a cell to adrenergic agonists can be affected by ex-
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Figure 2-3 The regulation of glycogen metabolism by B-agonists through cAMP.
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Figure 2-4 The components of the adenylate cyclase complex. (Adapted from Gilman, 1984.)

posure to other agents (see below). Before leaving the
subject of adrenergic modulation of glycogenolysis,
it is worth mentioning that the hyperglycemia pro-
duced by adrenergic agonists may not be simply due
to activation of S-receptors in the liver. Adrenergic
agonists can also increase the supplies of glucose by
inhibiting the release of insulin, increasing the re-
lease of glucagon, and increasing the synthesis of glu-
cose from lactate in skeletal muscles. There is also
evidence that a-mediated glycogenolysis can be elic-
ited from the liver, without changing cAMP levels.
It has been claimed that this is the predominant
mechanism in some species (Exton, 1985).

8- AND B,-RECEPTORS

In a short report to Nature (London) in 1967, Lands
et al. demonstrated that the actions of noradrenaline
that had been assigned to 3-receptors in Ahlquist’s
classification could be further subdivided. This work
was also an agonist-based division, comparing the
potencies of ten catecholamine derivatives in four
tissue preparations. They showed that noradrenaline
and adrenaline had similar affinities at 8,-receptors.
The affinity of noradrenaline for B,-receptors was
similar to its affinity for 8,-receptors whereas the af-
finity of adrenaline was nearly 100-fold higher at 3,-
receptors. This study laid the foundation for the de-
velopment of a large array of selective agonists and
antagonists for research and clinical use. A selection
of these compounds is listed in Table 2-3.

The distribution of the 8-receptor subtypes varies.
Although one type may predominate in an organ or
tissue, it is not unusual to find both types. The heart
contains predominantly the 3, types, which are re-
sponsible for both inotropic and chronotropic re-
sponses, but there are also 3,-receptors that may be
linked to the inotropic response.

The B,- and B,-receptors are very similar; both
stimulate cAMP synthesis and both are glycosylated
proteins that have identical mobilities when ana-
lyzed by electrophoresis in polyacrylamide gels. Pep-
tide maps of the two receptors are also are very sim-
ilar (see Dohlman et al., 1987, for review). These
observations raise the question of whether there are
two different proteins, a common precursor that is
modified in some way to yield one or other activity,
or a single protein that is regulated in some way by
its environment.

Molecular biological investigations have provided
the answer to this question. Complementary DNA
clones coding for B-receptors from several species
have been isolated (Figure 2-2). These show that the
B,- and B,-receptors are homologous, though differ-
ent, proteins. The S-receptor cDNAs also show high
homology with other G protein-coupled receptors,
including rhodopsin (a receptor for “light™), the -
receptor, and some types of muscarinic cholinergic
receptors (Dohlman et al., 1987). Common features
of these proteins include seven a-helical membrane
spanning regions connected by intra- and extracel-
lular loops. There is a high degree of homology be-

Table 2-3 The Pharmacology of 8-Receptors

Receptor Agonist Antagonists
B, Prenaterol ICI 89,407
CGP 26,505
Betaxolol
Atenolol
Practolol
Metoprolol
B2 Terbutaline ICI 118,551
Salbutamol IPS 339
Rimiterol
Adrenaline
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tween these transmembrane regions in §,- and §,-re-
ceptors. Thus, these regions are probably involved in
some common function such as binding to G pro-
teins. Now that the g-receptor proteins have been
cloned and expressed in cell lines that do not nor-
mally express them, we can expect that selective mu-
tation experiments will reveal the agonist-binding
sites and show why 3,- and B,-receptors differ in their
affinity for selective agonists and antagonists.

REGULATION OF ADRENERGIC
RECEPTOR FUNCTION

Is there regulation of signaling in the sympathetic
nervous system? In the face of fixed numbers of ad-
renergic receptors on effectors cells, the concentra-
tion of catecholamine, whether acting as a neuro-
transmitter at a synapse or as a hormone, will
determine the magnitude of the respones. But there
is good evidence that the adrenergic receptors are
also dynamically regulated in response to the actions
of adrenergic agonists and also to other agents. The
regulation of signal transduction through g-adren-
ergic receptors has been most extensively studied, so
they will be discussed first.

When a tissue containing g-receptors is first ex-
posed to a B-agonist, the synthesis of cCAMP in-
creases due to activation of adenylate cyclase. After
about 30 minutes the rate of cCAMP synthesis de-
clines and the tissue is said to be desensitized. If the
response to only 3-agonists is attenuated, then this is
referred to as agonist-specific or homologous desen-
sitization (see Sibley et al., 1987, for review). The ac-
tivation of adenylate cyclase by agonists at other re-
ceptors or by nonreceptor activators such as fluoride
ion or forskolin is not diminished. The mechanism
of desensitization appears to involve both a reduc-
tion in the number of receptors on the cell surface
and an uncoupling of the receptors from adenylate
cyclase.

The mechanism underlying homologous desensi-
tization appears to involve phosphorylation of the
receptor. Phosphorylation begins within minutes of
agonist occupation and leads to incorporation of
about 2 mol of phosphate per mol of receptor. The
phosphorylation does not appear to involve cAMP
or require the coupling of receptor to G, (Strasser et
al., 1986). Rather, there is evidence for a cytosolic
kinase (3-adrenergic receptor kinase) that appears to
phosphorylate only the agonist-occupied receptor.
Presumably the conformational change subsequent
to agonist occupation reveals a phosphorylation site
that would be otherwise hidden from the kinase.
Phosphorylation of gB-receptors uncouples them
from the G; protein (Sibley et al., 1986), impairing
their ability to stimulate cCAMP synthesis. Phosphor-

ylation also promotes internalization of g-receptors
into intracellular compartments that are not yet
fully characterized. In this compartment, a phospha-
tase appears to dephosphorylate the receptor so it
can return to the cell surface (Sibley et al., 1986).

Desensitization of S-receptors can also occur in
the absence of agonist. This is termed heterologous
desensitization and also involves phosphorylation of
the receptor but not internalization (see Sibley et al.,
1987 for review). In part, the diminished response to
agonists involves uncoupling of receptor from ade-
nylate cyclase, and this can be correlated with
cAMP-dependent receptor phosphorylation (Sibley
et al., 1984b). Since the response to stimulation of
other receptors and to agents that bypass receptors is
also diminished, then there must be changes in the
adenylate cyclase complex as well. Function impair-
ment of G, and increased activity of G; have both
been observed in association with heterologous de-
sensitization of B-receptors (Kassis and Fishman,
1982; Garrity et al., 1983). Phosphorylation of -re-
ceptors by cAMP-dependent kinases and protein ki-
nase C appears to take place on the same serine res-
idues (Bouvier et al., 1986). Muscarinic stimulation
in the heart can lead to B-receptor desensitization
(Limas and Limas, 1985). Some of the muscarinic
receptors in heart are linked to elevated phosphati-
dylinositol breakdown, and this, in turn, leads to
stimulation of protein kinase C. Therefore, this se-
quence of events illustrates how activity at one re-
ceptor (the muscarinic receptor) can modify the re-
sponsiveness of another receptor (the 8 receptor).

Although the discussion of receptor regulation has
focused on B-receptors, there is also evidence that a-
receptors are subject to regulation. It is known that
a,-receptors, and probably «-receptors also, are
coupled to the next stage of signal transduction by
G proteins, so the description of heterologous desen-
sitization already given can be applied. It has been
shown that o-agonists promote «,-receptor desen-
sitization that can be correlated with receptor phos-
phorylation and sequestration, i.e., homologous de-
sensitization (Leeb-Lundberg et al., 1987). Although
progress on the molecular biology of 3-receptors has
been ahead of that on the other adrenergic receptors,
the gap is constantly being narrowed. We can soon
expect to know as much about regulation of signal-
ing through a-receptors as is known about that
through g-receptors.

So far in this section, short-term regulation of ad-
renergic receptor function has been discussed. The
regulation of adrenergic responsiveness over periods
of days and weeks will now be considered. The re-
lationship between circulating levels of thyroid hor-
mone and the expression of 8-receptors is a good ex-
ample that has both physiological and clinical
relevance.
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Patients with pathological elevations of circulating
thyroid hormones show manifestations typical of ad-
renergic activation: tachycardia, increased thermo-
genesis, and sweating (Bilezikian and Loeb, 1983).
These symptoms can be successfully treated with §-
receptor antagonists. Experimental studies point to
increased numbers of B-receptors in some, though
not all, tissues during thyrotoxicosis. Interestingly,
a-receptor numbers appear to be reduced. Hypothy-
roid patients show some symptoms that could be at-
tributed to impaired adrenergic function. In hypo-
thyroidism, there appear to be fewer g-receptors.

Changes in the number of receptors on the cell
surface cannot be extrapolated directly to an in-
creased response of that cell to agonist because there
may be “‘spare” receptors. The term spare receptors
embodies the concept that the maximum biological
response of a cell can be elicited when less than
100% of the receptors are occupied by agonist. Let
us assume that there are 1,000 receptors per cell and
the maximum increase in cAMP synthesis is elicited
by only 10% occupancy: i.e., the maximum response
is obtained when 100 receptors have bound agonist.
What will be the consequence of increasing the
number of receptors by 50%? The result is a shift in
the dose-response curve to the left, i.e., the same ef-
fect as increasing the affinity for agonist. Direct as-
sessment of agonist binding, for example, radioli-
gand binding studies, would show increased
numbers of binding sites but no change in
affinity. The increased responsiveness at low concen-
trations can be demonstrated only by measuring the
functional consequences of receptor occupancy.
Conversely, if receptor concentration were reduced,
the result would depend on the magnitude of the re-
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duction. If the number of receptors did not fall
below our hypothetical value of 100 receptors per
cell needed to produce the maximum response, then
we would see a right shift of the dose-response
curve. Larger reduction would, however, lead to a
reduction also in the maximum response that could
be elicited. Thyroid hormone can regulate the level
of expression of adrenergic receptors. This regula-
tion is of physiological relevance during cold accli-
mation. Exposure of humans to a cold environment
for several days results in increased serum levels of
thyroid hormone. A part of the hypothalamus ap-
pears to be sensitive to core body temperature. If
temperature falls, presumably the release of thyro-
tropin releasing hormone from the neurons in the
hypothalamus and into the hypophyseal portal sys-
tem is increased. This stimulates the release of thy-
rotropin from anterior pituitary cells, which in turn
stimulates the synthesis and secretion of thyroid hor-
monges from the thyroid gland. As already discussed,
the response to adrenergic stimulation is then in-
creased, in part by increasing the numbers of 3-re-
ceptors. The effect of cold acclimation on the re-
sponse to sympathetic stimulation is shown in
Figure 2-5, taken from the work of Hseih and Carl-
son (1957). Administration of noradrenaline to a
warm acclimated rat produces only a small increase
in oxygen consumption and rectal temperature.
After exposure to 5°C for 3-4 weeks, the same dose
of noradrenaline produces much larger effects on ox-
ygen consumption and rectal temperature.

Other hormones can also change the number of
adrenergic receptors. In experimental studies «,-ad-
renergic receptors on the myometrial cells of the rab-
bit uterus increased with elevation of plasma con-
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26 CENTRAL REGULATION OF AUTONOMIC FUNCTIONS

centrations of estrogens. This was accompanied by
increased response to agonist. At the same time the
number of a,-receptors on platelets fell, providing a
possible explanation for the increased incidence of
thromboembolic disease in individuals receiving es-
trogens (e.g., women taking oral contraceptives).

In summary, the magnitude of the response of a
tissue during sympathetic stimulation depends on
several factors: previous exposure to adrenergic ag-
onists (homologous desensitization), the biochemi-
cal state (heterologous desensitization), and the en-
docrine state of the individual.

SUMMARY

Considerable advances have been made in the last
100 years in our understanding of how the sympa-
thetic nervous system elicits a response from its tar-
get tissues. Four concepts stand out that are impor-
tant to understanding the physiological function of
the sympathetic nervous system: (1) there are at least
four receptor types, a,, a,, 8, and 8,, (2) these recep-
tors allow norepinephrine and adrenaline to elicit dif-
ferent responses by virtue of their linkage to different
biochemical processes, (3) adrenaline is more potent
than noradrenaline at all of these receptors, though
it is most potent at 3,-receptors, and (4) most tissues
contain more than one adrenergic receptor, so the
response will depend on the agonist.
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