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Receptors are named, usually, after the endogenous
substance that activates them, which implies that
they participate in the physiological role of that
substance. Adrenoceptors are considered to be
the sites through which the two main natural
catecholamines in mammals, adrenaline (their
namesake) and noradrenaline, act as agonists. The
neurotransmitter - noradrenaline and circulating
adrenaline and noradrenaline have a variety of
physiological actions, particularly on the cardio-
vascular system, smooth muscle, and brown and
white fat. Initial pharmacological studies dif-
ferentiated these into a~ and fadrenergic responses
and subsequently divided an a-adrenergic response
into oy and &, subtypes. While these classifications
remain valid today, both more detailed pharmaco-
logical characterization and biochemical and mol-
ecular biological analyses have indicated that each
of the three broad classifications of adrenoceptors
contains multiple individual gene products. Further
subdivision has been suggested based on both
basic pharmacological criteria and analysis of the
pharmacological profile of molecularly defined
species following expression in a range of cell types.
However, such further potential subdivision may, in
some instances, represent species variation in
receptor subtype or differences in apparent ligand
affinity due to expression in heterologous systems.

Pharmacological profile of adrenergic response
subtypes

On the basis of pharmacological properties and
rank order of potency for adrenaline (AD),
noradrenaline (NA) and the synthetic agonist iso-
prenaline (ISO), adrenoceptors were divided into o
and f. a-Adrenoceptors were defined as NA >
AD > ISO and B-adrenoceptors as ISO > AD =
NA. a-Adrenoceptors were subdivided into o and
@, originally based on anatomical distribution, post-
junctional aj-adrenoceptors and pre-junctional as-
adrenoceptors, although later an a; profile was seen
for some post-junctional receptors {1]. The a;-
adrenoceptors are defined as stimulated by phenyl-
ephrine and blocked by prazosin (pA; 8-11), and

t Corresponding author: Tel. 41-339-8855, Ext. 5557;
FAX 41-330-4620.

the as-adrenoceptors as stimulated by clonidine or
UK-14,304 and antagonized by idazoxan (pA, 7.2~
8.5) or yohimbine (pA; 7-9).

The wide range of potencies for prazosin seen in
different tissues of the same species led to suggestions
of heterogeneity within the aj-adrenoceptor popu-
lation [2]. Recent evidence suggests that o-
adrenoceptors can be divided into at least four
prazosin-sensitive (pA; > 9.5) subtypes (mA, &B,
xC, oqD; Table 1) and at least one subtype where
prazosin shows lower affinity (pA, <9; Table 1)
{3-71.

Similarly, as-adrenoceptors have been further
subdivided {a,A, a,B, a,C, o;D; Table 1) based on
differences in *H-labeled antagonist binding and in
the amino acid sequence and chromosomal location
[8, 9]. Although three of these occur within the same
species, it seems likely that the a,A- and a,D-
adrenoceptors represent species homologues [9-12].
The main difference in the pharmacology, the lower
affinity of yohimbine for the ;yD-adrenoceptor, may
be due to a cys20lser change in the fifth trans-
membrane domain, as shown in Ma,-10H human
chimeras [13].

The possibility of heterogenous pre- versus post-
junctional as-adrenoceptor subtypes is attractive,
and the identification of the >100-fold post/pre-
selective compound SK&F 104078 [14] appeared to
support this heterogeneity, although this has since
been disputed [15]. There is insufficient evidence to
suggest which subtype shows higher affinity for
SK&F 104078, a;A, aB or ayC, but the lower
affinity for the oD has prompted the suggestion
that this subtype may be pre-junctional [16].

B Adrenoceptors (Table 1) have been subdivided
into f;- and fB,-adrenoceptors on the basis of the
rank order of potencies of catecholamines acting on
tissues producing different responses [17]: 8; ISO >
NA > AD), and B, (ISO > AD > NA). This was
confirmed by the development of the selective
agonists dobutamine {f;), salbutamol (8,) and the
antagonists CGP20712A (B,) and ICI 118551 (8,).
A third subtype, the Bs-adrenoceptor, shows lower
affinity for the agonists with a rank order
NA >ISO>AD and low affinity for known B
antagonists. As yet, no selective antagonists have
been reported.
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Adrenoceptor subtypes

Relationship of pharmacological profiles to molecular
species

With the isolation of cDNA species corresponding
to adrenoceptor subtypes, it has been possible to
analyse how the pharmacological profiles of
expressed molecularly defined receptors correspond
with predictions based on classical pharmacology
and how tissue and developmental profiles of
expression are defined and regulated. Three distinct
mammalian f-adrenoceptor cDNAs, 8, {18], 8, [19]
and f; [20], have been isolated and, indeed,
two distinct splice variant isoforms of the fs-
adrenoceptor, which vary by the presence or absence
of six C-terminal amino acids, have been isolated
(see below). Whereas expressed f- and S
adrenoceptor cDNA species display high similarities
with pharmacological prediction, there are dif-
ferences in the activities of certain B-adrenoceptor
ligands on Bs-adrenoceptors expressed from cDNA
in CHO cells and those expressed endogenously in
adipose tissue [21]. While such studies indicate the
possibility of Bs-adrenoceptor subtypes, it is not
established and seems inherently unlikely, given the
location of the splice variation, if this is explained
simply by the existence of the two known splice
variants. There is thus evidence that the “atypical”
B-adrenoceptor is yet to be molecularly defined [22).

The existence of multiple isoforms of a,-adreno-
ceptors produced from different genes on different
chromosomes (a,C10, 0»C4, &, C2) is well estab-
lished, but while the coincidence of the product of
a,C10 gene with the pharmacologically defined ;mA-
adrenoceptor [23] has been firmly established for
some time, there has been greater debate about the
correlation of the a,C4 [24] and a,C2 [25] forms
with the a»B and a,C adrenoceptors. It now appears
that the @B adrenoceptor corresponds to the a,C2
gene product and the &,C adrenoceptor to the a,C4
gene product. There has been further confusion
centred on whether a fourth cDNA clone (rg20)
corresponds to a separate (a;D) isoform, but it
seems that this product may be the rat homologue
of the a,A-adrenoceptor (see above).

There appear to be four distinct a4-adrenoceptors,
mA-D [4-6, 26]. Clones corresponding to a,B-D
are known, and while the cloned oD-adrenoceptor
was initially thought to correspond to the phar-
macologicaily defined a3 A-adrenoceptor, this, how-

ever, only refers to the atypical ajA in the rat aorta
[27].

Molecular analysis : genomic cloning

Genomic clones of both the f- and fSi-adreno-
ceptors have been isolated; these predict that both
arise from intronless genes [28, 29}, thus establishing
that neither can generate diversity within these
receptors by differential splicing. By contrast,
genomic clones of the f;-adrenoceptor from both
humans [30] and rats [31, 32] indicate that their gene
structure is more complex. In the case of the human
By-adrenoceptor [30, 33], the gene consists of two
exons and a single intron, whereas the rat gene
consists of three exons and two introns, This clearly
allows for the possibility of expression of multiple
forms of the Bs-adrenoceptor. Indeed, polymerase
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chain reaction analysis has indicated that two
different forms of this receptor are co-expressed in
human adipose and intestinal tissue and that these
differ by the presence or absence of a C-terminal six
amino acid tail. Two distinct ¢cDNA clones
corresponding to these predictions have alsc been
isolated [34-36]. The functional significance of these
isoforms remains to be explored in detail. Both the
a,C10- and a,C2-adrenoceptors are derived from
intronless genes, whereas both the o4B- and a,C-
adrenoceptor genes are more complex and contain
at least one intron (although it has yet to be
established whether this will lead to the generation
of splice variant forms).

Signalling mechanisms

Although the four genetically distinct S-adreno-
ceptors may be coexpressed in individual cells and
tissues, there is little reason to believe that they
regulate different signalling systems. Each of the #-
adrenoceptor subtypes is able to activate the
stimulatory G-protein (G,) and, hence, causes a
stimulation of cyclic AMP accumulation. Despite
this, there is clear evidence that the efficacy of the
Bi-adrenoceptor to stimulate adenylyl cyclase is
lower than that of the 5, [37] and that this is an
intrinsic property of the receptor rather than relating
to the cell type in which the receptors are expressed.
This presents an apparent paradox in that the B;-
adrenoceptor has been indicated to be the
functionally predominant form in the heart, although
in differing species the f-adrenoceptor may
represent between 20 and 60% of the S-adrenoceptor
population (see later). As activated G has also been
reported to result in the regulation of calcium
channels in the heart [38] (whether directly or via a
cyclic AMP (cAMP)-dependent phosphorylation of
the channel or both [39]), clearly $-adrenoceptors
can thus also regulate cellular Ca®* levels in a
number of tissues. A further signalling function has
been recorded for the f-adrenoceptor of turkey
erythrocytes (which is pharmacologically most highly
related to the mammalian B;-adrenoceptor). As well
as agonist stimulation of adenylyl cyclase, there is
an activation of a phosphoinositidase C [40, 41]. The
agonist profiles and effect curves for these two
responses are equivalent, but it remains to be
demonstrated unequivocally that both of these
responses are produced via a single receptor subtype.

Signalling mechanisms associated with members
of the m-adrenoceptor family are more complex.
The classically accepted mechanism is to produce
inhibition of adenylyl cyclase via stimulation of “G;”.
In the cases in which it has been examined in detail,
this has been shown to be via the G2 subtype
[42, 43]. When the a»C10 adrenoceptor was expressed
at high levels in CHO cells, however, a potential
ability to regulate adenylyl cyclase in a biphasic
fashion was observed, as the receptor was shown to
co-immunoprecipitate with both G; and G, and
stimulation of adenylyl cyclase was shown to be
produced by the receptor at high agonist concen-
trations while inhibition was produced with low
levels of agonist [44]. Such observations are con-
sistent with a hypothesis that the ayC10-adreno-
ceptor couples selectively to G; but that it also
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exhibits a weaker interaction with G,. Both the a,C4-
and a,C2-adrenoceptors were also noted to interact
with both G; and G;, but the interactive capacity for
G,, as assessed by the ability of the receptors to
cause stimulation of adenylyl cyclase, showed
selectivity in the order &;,C10 > a,C4 > ,C2 [44].
As such, the balance of regulation of adenylyl cyclase
by a,-adrenoceptors may reflect the cellular
expression profile, the level of expression, and the
concentration range of catecholamine to which the
cell is exposed. Moreover, agonist activation of a
variety of phospholipases (phosphoinositidase C
[45], a phosphatidylcholine-directed phospholipase
D [46] and phospholipase A, [47]) and regulation of
p21"™ and the mitogen-activated protein (MAP)
kinase cascade [48] have also been recorded for a,-
adrenoceptors. The reports of such effects tend to
have been produced from studies in which a relatively
high-level expression of an a,-adrenoceptor has been
achieved by either transient transfection or stable
transfection into fibroblast cell lines. In the majority
of these cases, the regulation of the phospholipase
effector cascade is blocked by pretreatment of the
cells with pertussis toxin, suggesting by analogy with
other systems that the effect may be produced by
the By subunits associated with G;a [49]. There is
insufficient information to assess (a) if the individual
ay-adrenoceptors differ significantly in their ability
to activate these cascades, or (b) the potential
physiological relevance of these actions.

Agonist activation of the aj-adrenoceptors is
usually anticipated to regulate the intracellular levels
of inositol 1,4,5-trisphosphate and diacylglycerol via
activation of a phosphoinositidase C. Again by both
transient and stable expression of different molecular
forms of these receptors, it has been noted that the
a,C-adrenoceptor couples more efficiently to this
pathway than does the a;B-adrenoceptor [5]. In
transfected cell systems, this has been shown to
involve the participation of the pertussis toxin-
insensitive G-proteins, G, and/or Gy; [50]. However,
a 74kDa pertussis toxin-insensitive G-protein
designated Gy, has also been suggested to play a
role in pertussis toxin-insensitive effects of a-
adrenoceptors [51], and a variety of a;-adrenoceptor
effects have been reported to be attenuated by
pertussis toxin treatment of cells and tissues [52].
These observations imply the interaction of -
adrenoceptors with a range of G-proteins [53], but
there is no evidence at this stage to indicate that this
will correlate with different a;-adrenoceptor subtypes
or their function.

Further second messenger effects of a;-adreno-
ceptors, which have been recorded, include stimu-
lation of phospholipase A, activity [54], hydrolysis
of phosphatidylcholine [55] and inhibition of cellular
cAMP levels, although this effect is likely to represent
the activation of a cAMP phosphodiesterase rather
than direct inhibition of adenylyl cyclase [56].

Desensitization and paradoxical regulation

Paradoxical regulation. Analysis of the 5’ flanking
region of the Bs-adrenoceptor indicates that it con-
tains a number of potential cAMP response elements,
suggesting that the expression of this receptor might
be positively regulated by cellular levels of cAMP.

G. MILLIGAN, P. SvoBODA and C. M. BROWN
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Fig. 1. Agonist-induced regulation of B-adrenoceptor
subtype density and function: The role of cAMP. Agonist
activation of f;-, B,- or Bs-adrenoceptors results in reduced
levels (| ) of both B, and B, but not B; (—). If there are
high levels of either the 8- or Bs-adrenoceptor, this can
result in a substantial reduction of cellular levels of G,
(1). It is likely, but has not been formally demonstrated,
that the same is true for the pB;-adrenoceptor. cAMP
generated by agonist activation of any of the $-adrenoceptor
subtypes can result in up-regulation ( 1) of expression of
at least both the f;- and B,-adrenoceptor genes. A cAMP-
dependent mechanism can also down-regulate (| ) levels
of, at least, B,-adrenoceptor mRNA, leading to reduced
synthesis of the polypeptide. There are, respectively, one,
two and no consensus sites in the fB-, B and Bs-
adrenoceptor primary sequences for cAMP-dependent
protein kinase. These phosphorylations act to “uncouple”
the receptor from G, and hence can generate varying degrees
of both homologous and heterologous desensitization within
this receptor family. The question mark (?) indicates
elements that are either likely but have not been
demonstrated directly or for which the evidence is not
unambiguous. Abbreviations: PKA, protein kinase A; and
CRE, cAMP response element.

In 3T3-F442A cells differentiated towards an
adipocyte phenotype by the addition of insulin, the
Bs-adrenoceptor is expressed although it is not in
the undifferentiated fibroblast phenotype [57]. These
cells also express the f;-adrenoceptor at low levels
in the fibroblastic form, and levels of mRNA
encoding this polypeptide are also increased with
differentiation. When differentiated cells were
exposed to isoprenaline, levels of f;-adrenoceptor
mRNA were found to be elevated within 4 hr and
this was maintained for at least 30 hr; in addition,
levels of the B;-adrenoceptor also increased with a
similar temporal pattern. However, in parallel, the
levels of the B,-adrenoceptor declined by some 70%
[58]. mRNA encoding the B,-adrenoceptor has also
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been detected in differentiated 3T3-F442A cells [57].
A cAMP-responsive element has also been noted in
the promoter region of the B,-adrenoceptor, and
dexamethasone (presumably via activation of a
glucocorticoid response element) causes a significant
increase in the levels of fy-adrenoceptor message in
these cells, particularly if the glucocorticoid was
supplied to the undifferentiated cells and its presence
maintained during the differentiation process [57]. By
contrast, dexamethasone treatment of preadipocyte
3T3-F442A cells causes a complete depletion of §;-
and fi-adrenoceptor mRNAs. It is thus clear that
complex, gene-specific regulation of members of the
B-adrenoceptor family can occur in a single cell in
response to individual stimuli [21]. Such information
demonstrates that individual cell types may be able
to regulate their f-adrenoceptor profile, and as single
ventricular myocytes have been shown to co-express
By~ and B-adrenoceptors [59], this may provide an
important control mechanism (Fig. 1). However,
while intriguing in its own right and suggestive of
the potential for specific temporal and developmental
regulation of these receptors, this does not in
isolation define why multiple genetic forms of the
receptor are required if each is used to regulate the
same signalling pathway (see later).

An apparent paradoxical cross-regulation of
adrenergic responsiveness between f;- and f-
adrenoceptors is indeed noted in cardiac tissue of
patients treated with Bi-selective antagonists. Such
treatment results in a sensitization of response to
catecholamines at the f,-adrenoceptor but not at
the f;-adrenoceptor [60,61]. The mechanism(s)
responsible for this phenomenon is unidentified but
does not include a selective up-regulation of the
amount of the pBy-adrenoceptor. The functional
relevance of coexpression of 8- and B,-adrenoceptors
and such cross-regulation of receptor sensitivity in
the heart are considered later.

Desensitization. A common pattern of regulation
for many G-protein-linked receptors in response
to short-term exposure to an agonist involves
phosphorylation of the receptor at a number of sites.
This has been examined most completely for the §,-
adrenoceptor {62, 63]. This receptor has a number
of potential phosphorylation sites, primarily within
the C-terminal tail of the receptor but also within
the third intracellular loop. In the case of the f;-
adrenoceptor, both protein kinase A and a receptor
kinase that is highly selective for the agonist-occupied
form of the receptor, termed S-adrenoceptor kinase
{BARK), play definite roles. As in many systems
f-adrenoceptor agonist-mediated stimulation of
adenylyl cyclase is noted to be produced with a
concentration dependence that is to the left of the
receptor occupancy by the agonist, then activation
of protein kinase A and hence phosphorylation of
sites within the f-adrenoceptor by this kinase can
occur at lower levels of agonist than that by BARK.
Activation of BARK follows receptor occupancy
curves closely, since this kinase acts only on the
agonist-occupied form of the receptor [63-66]. The
result of such modifications is a rapid “uncoupling”
of the receptor from G, upon exposure of a cell
expressing this receptor to an agonist. Whether this
process involves a physical separation of the receptor
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and G-protein is not entirely clear, but as there
appears to be a central role of G-protein Sy subunit
in attracting BARK, which in the resting state is a
primarily cytoplasmic enzyme, to the plasma mem-
brane [67, 68] where it can now act upon the S-
adrenoceptor, it must be assumed that at least the
By subunits of G; remain in close proximity to the
receptor. Serine 262 (a target for phosphorylation
by protein kinase A) also plays a key role in rapid
“uncoupling” of the receptor from G, [69].

Longer term exposure to an agonist involves,
initially, a sequestration of the receptor to a location
that may represent a vesicular pool, the nature of
which remains poorly defined. In this state, the
receptor is accessible in whole cell binding studies
to hydrophobic but not to hydrophilic receptor
ligands. Subsequently, if the presence of the agonist
is maintained, down-regulation occurs. The phenom-
enon of down-regulation is a reflection of a variety
of processes that include both an enhancement of
protein degradation and a destabilization of mRNA
encoding the receptor [70], both of which, in the
absence of other regulatory processes, would be
anticipated to result in a time-dependent reduction
in total cellular levels of the receptor. Evidence from
mutational analysis indicates that both of two
tyrosine residues in the C-terminal tail of the receptor
(Tyr 350 and Tyr 354) are important for agonist-
mediated down-regulation [71,72], but the details
of their role remain to be fully addressed. Whereas
both the B, (one site)- and B, (two sites)-adreno-~
ceptors have sequence motifs consistent with their
acting as substrates for phosphorylation by protein
kinase A, the same is not true of the fSy-adrenoceptor
(Fig. 1). Indeed, in this regard it is interesting to
note that the Bs-adrenoceptor is resistant both to
agonist-mediated short-term desensitization [73]
and, on a longer time scale, to agonist-induced
receptor down-regulation. Thus, in cells expressing
a mixed complement of B-adrenoceptor subtypes,
the quantitative importance of signalling from S;-
and f3,-adrenoceptors might be anticipated to decline
with time, whereas that of the 8;-adrenoceptor would
increase.

Since all the B-adrenoceptor subtypes activate G,
and thence adenylyl cyclase, then regulation in levels
or the activity of these polypeptides might be antici-
pated to provide a common means of heterologous
desensitization for all co-expressed S-adrenoceptor
subtypes, Indeed, B,-adrenoceptor-mediated down-
regulation of cellular G levels has been shown to
occur in an agonist and receptor-level dependent
manner [74]. While there are known to be four
potential splice variants of G,a [75], and the steady-
state ratios of expression of the pairs of long and
short forms of this G-protein can vary considerably
between cells, there is little current evidence to
suggest that individual receptors interact differently
with them {76]. While a potential phosphorylation
site is determined by the exact splice acceptor site
utilized [75], and forms of G,a have been reported
to act as substrates for both protein kinase A {77]
and protein kinase C [78] in vitro evidence for the
agonist-mediated regulation of phosphorylation of
this species in vivo remains fragmentary. Similarly,
while phosphorylation of adenylyl cyclase in a
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protein-kinase C-dependent manner was reported in
frog erythrocytes [79] some time ago, the concept
that different isoforms of adenylyl cyclase may be
regulated by different S-adrenoceptor subtypes has
not yet been examined. However, the potential for
cross-regulation of $-adrenoceptor function in heart
by m-adrenoceptor-mediated activation of protein
kinase C, and hence inactivation of adenylyl cyclase,
is intriguing given the interaction of a;- and B-
adrenoceptors in the control of force of contraction
in the heart (see below). Furthermore, sustained
exposure of rat heart muscle cells to noradrenaline
has been reported to elevate cellular levels of G
[80], and this correlates with a heterologous
desensitization of receptors that function to stimulate
adenylyl cyclase. As such, in heart failure, in
which prolonged exposure to increased levels of
noradrenaline may occur, increasing levels of G; [81]
may restrict the activity of f-adrenoceptor subtypes.

There is also evidence that different adrenoceptors
undergo different patterns or pathways of intra-
cellular sorting following exposure to agonists.
Following short-term exposure to agonist of cells
transfected to express either fB-, ®C10- or
a,C4-adrenoceptors, the p-adrenoceptors were
internalized to a population of intracellular vesicles
distinct from those containing the @,C4-adreno-
ceptor. Over this time scale, the a,C10-adrenoceptor
remained at the plasma membrane [82].

As with the B;- and B,-adrenoceptor subtypes,
evidence indicates that agonist-induced phos-
phorylation of sites within the third intracellular
loop of some m-adrenoceptor subtypes is likely to
play an important role [83]. Expression of each of
the &,C10-, a,C4- and a,C2-adrenoceptors in CHO
cells and short-term challenge with agonist resulted
in functional desensitization of both the a,C10- and
@ C2-adrenoceptors but no effect on the @,C4-
adrenoceptor. Moreover, the ®,C4-receptor was
resistant to down-regulation during sustained
exposure to agonist, whereas both the &,C10- and
®,C2-adrenoceptors were down-regulated [84]. Even
without down-regulation of the a;C4-adrenoceptor,
agonist-induced down-regulation of G; was noted to
occur [84] and may be responsible for the degree of
long-term desensitization noted with sustained
agonist exposure at this receptor [84, 85].

The general concept that G-proteins are down-
regulated following sustained exposure of cells to an
agonist for a receptor linked to that G-protein has
gained credence recently [85]. In addition to the
situation with the a,-adrenoceptor subtypes men-
tioned above, this has been noted to occur for both
the - [74] and Bs-adrenoceptor (Milligan et al.,
unpublished observations) and for the oyB- and
a,C-adrenoceptors (Milligan et al., unpublished
observations) and clearly contributes to the patterns
of sustained desensitization (Fig. 1).

Cardiovascular control

The sympathoadrenal (mainly adrenergic) system
is a major regulator of cardiovascular control [for
review, see Ref. 86]. Cardiac adrenoceptors are
located on several different cell types and mediate
diverse effects. No longer are ,-adrenoceptors con-
sidered to be the exclusive adrenoceptor popula-

G. MILLIGAN, P. SvoBoDA and C. M. BROWN

tion through which catecholamines exert their effects
on cardiac muscle. a;-, @,-, f- and B;-Adrenoceptors
(Fig. 2) have all been identified on myocytes [87—
89], although the function and subtype(s) of the a,-
adrenoceptor(s) are as yet unknown. Intriguingly,
in the heart §;-, §,- and to some extent S;-, ¢ A-
and o B-adrenoceptors mediate effects that are
functionally similar, suggesting the possibility of
cross-regulation of adrenoceptor sensitivity. Under
normal conditions, noradrenaline preferentially acts
on the fBj-adrenoceptor (>75% of the response),
thereby increasing cAMP and initiating a signal
cascade resulting in cardiac contraction. However,
in the compromised heart, the pB,-adrenoceptor,
which represents a significant percentage of the S
adrenoceptor population (25-60% of the human
heart; [90-92]) and is associated with increased
inotropic effects in vitro [92] and increased
chronotropic effects in vivo [93], may be functionally
more sensitive to noradrenaline. Indeed, patients
on long-term fj-adrenoceptor antagonists show
unaltered f; responses (after wash-out of the B,
blocker), whereas f, responses are potentiated (>6
fold) in vitro and in vivo [60, 61]. Although the
cardiac Bs-adrenoceptor [89] has also been shown to
have inotropic or lusitropic function in healthy
volunteers [94], its role in the diseased heart remains
to be evaluated.

Acute stimulation of o-adrenoceptors modulates
various steps of the cardiac excitation—contraction
coupling cascade and has been shown to be involved
in inotropic and chronotropic responses and cardiac
conduction [53]. The relative numbers of the a-
adrenoceptor subtypes in the myocardium have been
determined for the ayA and oB subtypes: rat
mA: B, 20:80% [95]; rabbit ayA: B, 37:63%
[88]; similarly in the dog there is a higher proportion
of chloroethylclonidine (CEC)-sensitive B sites
[96]. Other non-a;A or -a;B subtypes have been
identified in the heart [97], but their relation to
known subtypes has not been defined.

Stimulation of myocardial a;-adrenoceptors pro-
duces a positive inotropic response. However,
demonstration of the small a-adrenoceptor-
mediated component in the normal heart requires
either B;-antagonism or the use of a highly selective
a;-agonist. Chronic phenylephrine-induced inotropy
(in the presence of B-block) is abolished by pre-
treatment with CEC, suggesting that this is an ;B
subtype functional response [88], although, at least
in the rat, the m-adrenoceptor-mediated positive
inotropic effect in the papillary muscle is via the ;A
subtype [98].

a-Adrenoceptor agonists have also been shown
to increase the duration of the action potential
{99, 100], and to be more effective on atrial than
ventricular muscle [101]. The subtype involved is
siot known, but it could be the ;A subtype as it
shows sensitivity to WB-4101 [102]. The a4 A subtype
acts to restore Ca?'-dependent (slow) action
potentials, i.e. increases the Ca?* inward current.

Multiple adrenoceptors in the heart allow for
endogenous control via changes in receptor density
and sensitivity. The a-adrenoceptor response is more
important in disease states where the balance of
a—f-adrenoceptors in the heart is altered in favour
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Fig. 2. Multiple adrenoceptors in the heart. In the normal heart (a), the majority of the noradrenaline
response (>75%) activates fy-adrenoceptors (indicated by the large 8, symbol), resulting in positive
chronotropic and inotropic effects, increased automaticity and facilitation of conduction in the AV
node with a corresponding decrease in cardiac efficency. However, 8, §; and & (ayA and/or &;B) can
also produce positive inotropic and/or chronotropic responses. As the number and sensitivity of the
different subtypes are known to change in different pathological conditions (b; also see text), this would
suggest that different subtypes can be utilized. The §-adrenoceptors activate G, which results in opening
of calcium channels either directly or via a cAMP-dependent phosphorylation of the channel or both.
The contribution of each subtype to the overall response will depend on the receptor number, sensitivity
to noradrenaline, and efficacy of the receptor subtype to stimulate adenylyl cyclase. The ay-adrenoceptor-
mediated positive inotropic response is unrelated to ¢cAMP; it remains to be determined how the
responses of the a- and S-adrenoceptors are cross-regulated at the second messenger level. It is likely
that multiple subtypes in the heart act as a “catecholamine backup system,” which can respond in the
event of fi-adrenoceptor failure. Other subtypes (a;, #,7) have been identified in the normal heart (a),
but their function is unknown. Changes in the number of ¢-adrenoceptors may be important in other
pathologies of the heart, including ischaemia and hypertrophy (b), but the subtypes involved and the
mechanisms require further study.

of & and B,, which may offer the heart a catechol-
amine-sensitive backup in the event of f;-adreno-
ceptor failure. Changes occur following chronic
treatment with §;-antagonists ([103] increase in a4
and [60, 61] increase in B, sensitivity), congestive
heart failure ([104] decrease in B,), cardiac hypoxia
([105] increase in &), hypertension in animals ([106]
decrease in B;) and in hypothyroidism ([107]
increased inotropic response to m-adrenoceptor
agonists) and diabetes ([108] increased inotropic
response to a;-adrenoceptor agonists). There is also
an increase in ay-adrenoceptor number in ischaemia,
induced by increased acyl carnitine levels [109, 110]
and following cardiac hypertrophy [111,112]. a;-
Adrenoceptor blockers may protect the ischaemic
myocardium by blocking these externalized recep-
tors, and the calcium entry blockers may protect
against the increased Ca?* sensitivity induced by
increased aj-adrenoceptor activity {113, 114].

Blood flow

Catecholamines mediate both contraction and
relaxation of vascular smooth muscle, which
immediately implies the need for two subtypes; in

the main, a-adrenoceptors contract smooth muscle
via the release of intracellular calcium and S-
adrenoceptors cause relaxation by initiating an
increase in cAMP and subsequent upstream events.
a-Adrenoceptors are present throughout the
vasculature, although they are more prominent on
the arterial side. Preliminary pharmacological studies
suggest that a number of subtypes are present; the
oy A-adrenoceptor is the predominant receptor on
renal arteries, whereas both ®A- and «B-
adrenoceptors are present on both mesenteric artery
and portal vein. The important hypertensive a;-
adrenoceptor on rat aorta has been difficult to
classify, but molecular studies show that the aorta
expresses the D [6] (atypical ;A [27]) and ¢B
subtypes. This suggests that the @A, B and
particularly the mD subtypes are involved in
determining peripheral resistance. It is likely that
ar-adrenoceptors are present in all but the largest
of arteries, although more abundant on venous
smooth muscle and superficial resistance arteries.
However, the effects of post-junctional a,-adreno-
ceptors are often masked by pre-junctional as-
adrenoceptors (possibly the a;,D subtype, see above)



1066

mediating noradrenaline release and because in
vitro the aj-adrenoceptors dominate functionally.
However, by changing the experimental conditions
to more like that seen in vivo, tonically activating
the system with a non-a~adrenoceptor stimulant,
post-junctional a,-adrenoceptors become func-
tionally evident {115-118]. Therefore, the possibility
remains that ay-adrenoceptors play a role in venous
capacitance and that a,-adrenoceptor antagonists
could be used as peripheral dilators of the extremities;
indeed an increase in ap-adrenoceptor function has
been reported in Raynaud’s disease {119].

More selective compounds are needed to identify
which subtypes are present on different vessels and
hence which a,-adrenoceptor subtypes are important
in the control of blood flow. The a;A-adrenoceptor
may be responsible for the resistance to salt-induced
hypertension, as it is deficient in the kidneys of sait-
sensitive Sabra rats [120].

In contrast, the B;- and Br-adrenoceptors dilate
blood vessels, the f,-adrenoceptor response being
dominant except on coronary arteries where f-
adrenoceptors relax smooth muscle. In addition to
the B, response, activation of a,-adrenoceptors on
coronary vascular smooth muscle of dog and pig can
release endothelium-derived relaxant factor (EDRF)
with a consequent relaxation of the pre-contracted
vessel [121]. Release of EDRF has also been reported
in canine pulmonary and femoral arteries and veins
but varies in relation to species and blood vessel.
Thus, ay-adrenoceptors can have opposing effects
on vascular tone: the post-junctional subtype on
vascular smooth muscle cells contract smooth muscle
activated by neuronal noradrenaline, whereas the
pre-junctional subtype acts to oppose this by a
negative feedback on noradrenaline. In addition,
those on the endothelium relax smooth muscle in
response to circulating adrenaline due to release of
EDRF. Thus far, no studies have described
different subtypes for these effects and no selective
compounds, except perhaps the post-selective
compound SK&F 104078 [14] although, as discussed
above, this is disputed [15].

Brown adipose tissue

In brown adipose tissue, the same single stimu-
lus, noradrenaline, promotes many, if not all,
physiological functions. The main and perhaps the
only physiological function of the mature, fully
differentiated brown adipocyte is thermogenesis.
This is produced via the generation of cAMP [122],
which stimulates lipolysis and respiration and at the
level of inner mitochondrial membrane results in an
increased proton conduction. The dissipation of the
electrochemical gradient of protons results in
generation of heat [123]. However, prior to the
ability of brown adipose cells to act as a thermogenic
tissue, recruitment processes including growth,
development and functional specialization have to
occur in the immature cells {124].

This temporal variation in the effects that must
be produced by noradrenaline may explain why the
same cell expresses different f-adrenoceptor subtypes
[125] even though they act via the same signal
transduction pathway. If we assume that a different
P-adrenoceptor subtype is used to initiate cellular
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development prior to thermogenic function, then it
would be appropriate if the receptor mediating
development became desensitized or down-
regulated, whereas the receptor subtype required
for thermogenic responses should be maintained in
an active state or up-regulated during development.

Brown fat expresses a number of distinct adreno-
ceptor subtypes [126-129]. However, except in some
pathophysiological conditions, the contribution of
B-adrenoceptors is primary.

If the maturation and physiological function of
brown adipose tissue are viewed as a sequence in
which the f;-adrenoceptor is responsible for DNA
synthesis and cellular proliferation and the pg;-
adrenoceptor for cAMP-induced lipolysis, res-
piration and thermogenesis, then a desensitization
of the Bi-adrenoceptor would be required to stop
proliferation and quantitative growth, whereas the
Bs-adrenoceptor would have to be newly synthesized
or able, somehow, to avoid initial noradrenaline-
mediated desensitization. We have described pre-
viously (see above) the paradoxical regulation of §;-
and fs-adrenoceptors during differentiation of
preadipocyte 3T3-F442A cells and the resistance of
Bs-adrenoceptors to short-term desensitization and
down-regulation. Such characteristics make this
receptor subtype ideally suited for this function,
both in terms of genetic control of its synthesis and
in terms of regulation, as the B;-adrenoceptors would
be expected to remain active even when co-expressed
with the f;-adrenoceptor. The Si-adrenoceptor also
shows low affinity for noradrenaline and adrenaline
in comparison to §;- and B-adrenoceptors. Further-
more, the f;-adrenoceptor may be present in large
quantities in comparison to the fBj-adrenoceptor
[130]. Under such conditions, noradrenaline at low
concentrations (1-10nM) [122] would activate
the low-capacity, high-affinity f;-adrenoceptors,
whereaslater, higher concentrations of noradrenaline
would stimulate the low-affinity, high-capacity S;-
adrenoceptors.

As noted above, agonist-stimulated G-protein
down-regulation occurs in a variety of cells and
tissues [85]. However, recent data indicate that
effective down-regulation of a G-protein will occur
only if a significant portion of the overall pool of
that G-protein is activated [74, 131]. Furthermore,
G, down-regulation, in contrast to that of the S
adrenoceptors [70], is independent of the generation
of cAMP [49]. Thus, agonist occupation of the low
levels of f§;-adrenoceptors in brown fat is unlikely
to cause down-regulation of a significant fraction of
G, This is relevant as G levels presumably must
be maintained to allow generation of the subsequent
Bs-adrenoceptor response for thermogenesis uniess
the receptors interact selectively with different G,or
isoforms.

Conclusions

It appears that although there are already many
known adrenoceptor subtypes, there is the need for
all and possibly more. Multiple subtypes allow for
multiple functions in different tissues. Where
receptor subtypes are associated with the same
function, the contribution of each subtype to the
overall response will depend on the receptor number,
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sensitivity to noradrenaline or adrenaline, efficacy
of the receptor subtype to couple to the second
messenger system, and on the regulation, expression
and degradation of the receptor polypeptide. This
may, of course, vary in pathological conditions
allowing for the possibility of abackup catecholamine-
sensitive system, i.e. if the function of one receptor
subtype is compromised, another can function, as
seen with inotropic and chronotropic responses in
the heart,

Acknowledgements—P.S. is a recipient of a Wellcome
Trust International Visiting Fellowship. Work in the
laboratory of G.M. in this area is funded by the Agriculture
and Food Research Council, the Medical Research Council,
and the Wellcome Trust.

10.

11.

12.

13.

REFERENCES

. Langer SZ, Presynaptic regulation of catecholamine

release. Biochem Pharmacol 23: 1793-1800, 1974.

. McGrath JC, Evidence for more than one type of

post-junctional a-adrenoceptor. Biochem Pharmacol
31: 467-484, 1982.

. Han C, Abel PW and Minneman KP, a;-Adrenoceptor

subtypes linked to different mechanisms for increasing
intracellular Ca®* in smooth muscle. Nature 329: 333~
335, 1987.

. Schwinn DA, Lomasney JW, Lorenz W, Szklut PJ,

Fremeau RT Jr, Yang-Feng TL, Caron MG, Lefkowitz
R1I and Cotecchia S, Molecular cloning and expression
of the cDNA for a novel a-adrenergic receptor
subtype. J Biol Chem 265: 8183-8189, 1990.

. Schwinn DA, Page SO, Middleton JP, Lorenz W,

Liggett SB, Yamamoto K, Lapetina EG, Caron MG,
Lefkowitz RJ and Cotecchia S, The ajc-adrenergic
receptor: Characterization of signal transduction
pathways and mammalian tissue heterogeneity. Mol
Pharmacol 40: 619-626, 1991.

. Perez DM, Piascik MT and Graham RM, Solution-

phase library screening for the identification of rare
clones: Isolation of an a;p-adrenergic receptor cDNA.
Mol Pharmacol 40: 876-883, 1991.

. Muramatsu I, Ohmura T, Kigoshi S, Hashimoto S

and Oshita M, Pharmacological subclassification of
o-adrenoceptors in vascular smooth muscle. Br J
Pharmacol 99: 197-201, 1990.

. Bylund DB, Subtypes of a,-adrenoceptors: Phar-

macological and molecular biological evidence con-
verge. Trends Pharmacol Sci 9: 356-361, 1988.

. MacKinnon AC, Kilpatrick AT, Kenny BA, Spedding

M and Brown CM, [*H]-RS-15385-197, a selective
and high affinity radioligand for as-adrenoceptors:
Implications for receptor classification. BrJ Pharmacol
106: 1011-1018, 1992.

Smith K and Docherty JR, Are the prejunctional a;-
adrenoceptors of the rat vas deferens and sub-
mandibular gland of the ays- or aypy-subtype? Eur J
Pharmacol 219; 203-210, 1992.

Limberger N, Trendelenburg A-U and Starke K,
Pharmacological characterization of presynaptic a,-
autoreceptors in rat submaxillary gland and heart
atrium. Br J Pharmacol 107: 246-255, 1992.

Millan MJ, Widdowson P, Renouard A, Le Marouille-
Girardon S and Bervoets K, Multiple a;-adrenoceptor
subtypes: Evidence for a role of asp-adrenoceptors in
the control of nociception and motor behaviour in
rodents. Br J Pharmacol 109: 23P, 1993,

Link R, Daunt D, Barsh G, Chruscinski A and
Kobilka B, Cloning of two mouse genes encoding ay-
adrenergic receptor subtypes and identification of a
single amino acid in the mouse @-C10 homolog

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

1067

responsible for an interspecies variation in antagonist
binding. Mol Pharmacol 42: 16-27, 1992,

Ruffolo RR Jr, Sulpizio AC, Nichols AJ, DeMarinis
RM and Hieble JP, Pharmacologic differentiation
between pre- and postjunctional as-adrenoceptors by
SK&F 104078. Naunyn Schmiedebergs Arch Phar-
macol 336: 415-418, 1987.

Connaughton § and Docherty JR, Evidence that
SK&F 104078 does not differentiate between pre- and
postjunctional as-adrenoceptors. Nauny, Schmiede-
bergs Arch Pharmacol 338: 379-382, 1988.
Simonneaux V, Ebadi M and Bylund DB, Identification
and characterization of asp-adrenergic receptors in
bovine pineal gland. Mol Pharmacol 46: 235-241,
1991.

Lands AM, Arnold A, McAuliff JP, Ludvena FP and
Brown PE Sr, Differentiation of receptor subtypes
activated by sympathomimetic amines. Nature 214:
587-589, 1967.

Frielle T, Collins S, Daniel KW, Caron MG, Lefkowitz
RJ and Kobilka BK, Cloning of the cDNA for the
human f;-adrenergic receptor. Proc Natl Acad Sci
USA 84: 7920-7924, 1987.

Dixon RAF, Kobilka BK, Strader DI, Bonovic JL,
Dohlman HG, Frielle T, Bolanowski MA, Bennett
CD, Rands E, Diehl RE, Mumford RA, Slater EE,
Sigal AS, Caron MG, Lefkowitz RJ and Strader CD,
Cloning of the gene and cDNA for mammalian §-
adrenergic receptor and homology with rhodopsin.
Nature 32%: 75-79, 1986.

Emorine LJ, Marullo S, Briend-Sutren M-M, Patey
G, Tate K, Delavier-Klutchko C and Strosberg AD,
Molecular characterization of the human §;-adrenergic
receptor. Science 245: 1118-1121, 1989.

Emorine LI, Feve B, Pairault J, Briend-Sutren M-M,
Marullo S, Delavier-Klutchko C and Strosberg DA,
Structural basis for functional diversity of 8-, - and
Bs-adrenergic receptors. Biochem Pharmacol 41: 853~
859, 1991.

Arch JRS and Kaumann AJ, £3-Adrenoceptors and
atypical S-adrenoceptors. Med Res Rev 13: 663-729,
1993.

Kobilka BK, Matsui H, Kobilka TS, Yang-Feng TL.,
Francke U, Caron MG, Lefkowitz RJ and Regan JW,
Cloning, sequencing and expression of the gene
encoding for the human platelet ar-adrenergic
receptor. Science 238: 650-656, 1987.

Regan JW, Kobilka TS, Yang-Feng TL, Caron MG,
Lefkowitz RJ and Kobilka BK, Cloning and expression
of a human kidney ¢cDNA for an a&-adrenegeric
receptor subtype. Proc Natl Acad Sci USA 85: 6301~
6305, 1988.

Lomasney JW, Lorenz W, Allen LF, King K, Regan
JW, Yang-Feng TL, Caron MG and Lefkowitz RJ,
Expansion of the as-adrenergic receptor family:
Cloning and characterization of a human a,-adrenergic
receptor subtype, the gene for which is located on
chromosome 2. Proc Natl Acad Sci USA 87: 5094—
5098, 1990.

Cotecchia S, Schwinn DA, Randall RR, Lefkowitz
RJ, Caron MG and Kobilka BK, Molecular cloning
and expression of the cDNA for the hamster a;-
adrenergic receptor. Proc Natl Acad Sci USA 85:
7159-7163, 1988.

Li Y-O, Nichols Al and Ruffolo RR Jr, Evidence for
al-adrenoceptor promiscuity in the rat aorta.
Pharmacologist 33: 225-230, 1991.

Jasper JR, Link RE, Chruscinski AJ, Kobilka BK
and Bernstein D, Primary structure of the mouse §;-
adrenergic receptor gene. Biochim Biophys Acta 1178:
307-309, 1993.

Cohen JA, Baggott LA, Romano C, Arai M,
Southerling TE, Young LH, Kozak CA, Molinoff PB



1068

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

G. MILLIGAN, P. SvoBoDA and C. M. BRowN

and Greene MI, Characterization of a mouse ;-
adrenergic receptor genomic clone. DNA Cell Biol
12: 537-547, 1993.

Granneman JG, Lahners KN and Chaudhry A,
Characterization of the human Bs-adrenergic receptor
gene. Mol Pharmacol 44: 264-270, 1993.
Granneman JG, Lahners KN and Rao DD, Rodent
and human f;-adrenergic receptor genes contain an
intron within the protein-coding block. Mol Pharmacol
42: 964-970, 1992.

Bensaid M, Kaghad M, Rodriguez M, LeFur G and
Caput D, The rat 3-adrenergic receptor gene contains
an intron. FEBS Lertt 318: 223-226, 1993.

Van Spronsen A, Nahmias C, Krief S, Briend-Sutren
M-M, Strosberg AD and Emorine LJ, The promoter
and intron/exon structure of the human and mouse
B3-adrenergic-receptor genes. Eur J Biochem 213:
1117-1124, 1993.

Muzzin P, Revelli JP, Kuhne F, Gocayne JID,
McCombie WR, Venter JC, Giacobino JP and Fraser
CM, An adipose tissue-specific § adrenergic receptor.
J Biol Chem 266: 24053-24058, 1991.

Granneman JG, Lahners KN and Chaudhry A,
Molecular cloning and expression of the rat S
adrenergic receptor. Mol Pharmacol 40: 895-899,
1991.

Lelias JM, Kaghad M, Rodriguez M, Chalon P,
Bonnin J, Dupre I, Delpech B, Bensaid M, LeFur G,
Ferrara P and Caput D, Molecular cloning of a human
B3-adrenergic receptor cONA. FEBS Lett 324: 127~
130, 1993.

Levy FO, Zhu X, Kaumann AJ and Birnbaumer L,
Efficacy of f;-adrenergic receptors is lower than that
of Br-adrenergic receptors. Proc Natl Acad Sci USA
90: 10798-10802, 1993.

Birnbaumer L, Abramowitz J and Brown AM,
Receptor—effector coupling by G proteins. Biochim
Biophys Acta 1031: 163-224, 1990.

Hartzell HC and Fischmeister R, Direct regulation of
cardiac Ca** channels by G proteins: Neither proven
nor necessary. Trends Pharmacol Sci 13: 380-385,
1992.

Rooney TA, Hager R and Thomas AP, -Adrenergic
receptor-mediated phospholipase C activation inde-
pendent of cAMP formation in turkey erythrocyte
membranes. J Biol Chem 266: 15068-15074, 1991.
Vaziri C and Downes CP, G-protein-mediated
activation of turkey erythrocyte phospholipase C by
B-adrenergic and P,y-purinergic receptors. Biochem J
284: 917-922, 1992.

Simonds WF, Goldsmith PK, Codina J, Unson CG
and Spiegel AM, G, mediates a,-adrenergic inhibition
of adenylate cyclase in platelet membranes: In situ
identification with G, C-terminal antibodies. Proc
Natl Acad Sci USA 86: 7809-7813, 1989.

McClue SJ and Milligan G, The o,B adrenergic
receptor of undifferentiated neuroblastoma X glioma
hybrid NG108-15 cells, interacts directly with the
guanine nucleotide binding protein, G2. FEBS Lent
269: 430-434, 1990.

Eason MG, Kurose H, Holt BD, Raymond JR and
Liggett SB, Simultancous coupling of a,-adrenergic
receptors to two G-proteins with opposing effects.
Subtype-selective coupling of #,C10, &,C4 and a,C2
adrenergic receptors to G; and G. J Biol Chem 267:
15795-15801, 1992.

Cotecchia S, Kobilka BK, Daniel KW, Nolan RD,
Lapetina EY, Caron MG, Lefkowitz RJ and Regan
JW, Multiple second messenger pathways of a-
adrenergic receptor subtypes expressed in eukaryotic
cells. J Biol Chem 265: 63-69, 1990.

MacNulty EE, McClue SJ, Carr IC, Jess T, Wakelam
MIJO and Milligan G, a-C10 Adrenergic receptors

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

expressed in rat 1 fibroblasts can regulate both
adenylylcyclase and phospholipase D-mediated
hydrolysis of phosphatidylcholine by interacting with
pertussis toxin-sensitive guanine nucleotide-binding
proteins. J Biol Chem 267: 2149-2156, 1992.

Jones SB, Halenda SP and Bylund DB, a,-Adrenergic
receptor stimulation of phospholipase A, and of
adenylate cyclase in transfected Chinese hamster ovary
cells is mediated by different mechanisms. Mol
Pharmacol 39: 239-245, 1991.

Alblas J, van Corven EJ, Hordijk PL, Milligan G and
Moolenaar WH, G;-mediated activation of the p21™-
mitogen-activated protein kinase pathway by a-
adrenergic receptors expressed in fibroblasts. J Biol
Chem 268: 22235-22238, 1993.

Milligan G, Mechanisms of multifunctional signalling
by G protein-linked receptors. Trends Pharmacol Sci
14: 239-244, 1993.

Wu D, Katz A, Lee C-H and Simon MI, Activation
of phospholipase C by aj-adrenergic receptors is
mediated by the o subunits of G, family. J Biol Chem
267: 25798-25802, 1992.

Im MJ, Rieck RP and Graham RM, A novel
guanine nucleotide-binding protein coupled to the a;-
adrenergic receptor. II. Purification, characterization,
and reconstitution. J Biol Chem 265: 18952-18960,
1990.

Bohm M, Schmitz W and Scholz H, Evidence against
arole of a pertussis toxin-sensitive guanine nucleotide-
binding protein in the alpha,-adrenoceptor-mediated
positive inotropic effect in the heart. Naunyn
Schmiedebergs Arch Pharmacol 335: 476-479, 1987.
Terzic A, Puceat M, Vassort G and Vogel SM, Cardiac
al-adrenoceptors: An overview. Pharmacol Rev 45:
147-169, 1993.

Slivka SR and Insel PA, m-Adrenergic receptor-
mediated phosphoinositide hydrolysis and prosta-
glandin E, formation in Madin-Darby canine kidney
cells. Possible parallel activation of phospholipase C
and phospholipase A,. J Biol Chem 262: 4200-4207,
1987.

Slivka SR, Meier KE and Insel PA, a;-Adrenergic
receptors promote phosphatidylcholine hydrolysis in
MDCK-D1 cells. A mechanism for rapid activation of
protein kinase C. J Biol Chem 263: 12242-12246,
1988.

Hilal-Dandan R, Caton JR, Stalmaster C, Kanter JR
and Brunton LL, Specific al1-receptor subtypes regu-
late phosphoinositide hydrolysis and cyclic AMP
degradation in ventricular myocytes. Pharmacologist
33: 189-195, 1991.

Féve B, Emorine LJ, Lasnier F, Blin N, Baude B,
Nahmias C, Strosberg AD and Pairault J, Atypical
B-adrenergic receptor in 3T3-F442A adipocytes.
Pharmacological and molecular relationship with the
human fyadrenergic receptor. J Biol Chem 266:
2032920336, 1991.

Thomas RF, Holt BD, Schwinn DA and Liggett SB,
Long-term agonist exposure induces upregulation of
Bs-adrenergic receptor expression via multiple cAMP
response elements. Proc Natl Acad Sci USA 89: 4490
4494, 1992.

del Monte F, Kaumann AJ, Poole-Wilson PA, Wynne
DG, Pepper J and Harding SE, Coexistence of
functioning §;- and B,-adrenoceptorsin single myocytes
from human ventricle. Circulation 88: 854-863, 1993.
Hall JA, Kaumann AJ and Brown MJ, Selective f;-
adrenoceptor blockade enhances positive inotropic
responses to endogenous catecholamines mediated
through B;-adrenoceptorsin human atrial myocardium.
Circ Res 66: 1610-1625, 1990.

Motomura S, Deighton NM, Zerkowski H-R, Doetsch
N, Michel MC and Brodde O-E, Chronic f-



62.

63.

65.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Adrenoceptor subtypes

adrenoceptor antagonist treatment sensitizes pB-
adrenoceptors, but desensitizes M,-muscarinic recep-
tors in the human right atrium. Br J Pharmacol 101:
363-369, 1990.

Hausdorff WP, Caron MG and Lefkowitz RJ, Turning
off the signal: Desensitization of B2 adrenergic
receptor function. FASEB J 4: 2881-2889, 1990.
Lohse MIJ, Molecular mechanisms of membrane
receptor desensitization. Biochim Biophys Acta 1179:
171-188, 1993.

. Benovic JL, Strasser RH, Caron MG and Lefkowitz

RJ, p-Adrenergic receptor kinase: Identification of a
novel protein kinase that phosphorylates the agonist-
occupied form of the receptor. Proc Natl Acad Sci
USA 83: 2797-2801, 1986.

Clark RB, Kunkel MW, Freidman J, Goka TJ and
Johnson JA, Activation of cAMP-dependent protein
kinase is required for heterologous desensitization of
adenylyl cyclase in S49 wild type lymphoma cells.
Proc Natl Acad Sci USA 85: 1442-1446, 1988.

. Hausdorff WP, Bouvier M, O’'Dowd BF, Irons GP,

Caron MG and Lefkowitz RJ, Phosphorylation sites
on two domains of the B,-adrenergic receptor are
involved in distinct pathways of receptor desensi-
tization. J Biol Chem 264: 12657-12665, 1989.

Haga K and Haga T, Activation by G protein By
subunits of agonist or light-dependent phosphorylation
of muscarinic acetylcholine receptors and rhodopsin.
J Biol Chem 267: 2222-2227, 1992.

Pitcher JA, Inglese J, Higgins JB, Arriza JL, Casey
PJ, Kim C, Benovic JL, Kwatra MM, Caron MG and
Lefkowitz RJ, Role of By subunit of G proteins
in targeting the B-adrenergic receptor kinase to
membrane-bound receptors. Science 257: 1264-1267,
1992.

Pitcher J, Lohse MJ, Codina J, Caron MG and
Lefkowitz RJ, Desensitization of the isolated f;-
adrenergic receptor by f-adrenergic receptor kinase,
cAMP-dependent protein kinase, and protein kinase
C occurs via distinct molecular mechanisms. Bio-
chemistry 31: 3193-3197, 1992.

Collins S, Caron MG and Lefkowitz RJ, From ligand
binding to gene expression: New insights into the
regulation of G-protein-coupled receptors. Trends
Biochem Sci 17: 37-39, 1992.

Valiquette M, Bonin H, Hnatowich M, Caron MG,
Lefkowitz RJ and Bouvier M, Involvement of tyrosine
residues located in the carboxy tail of the human
Br-adrenergic receptor in agonist-induced down-
regulation of the receptor. Proc Natl Acad Sci USA
87: 5089-5093, 1990.

Valiquette M, Bonin H and Bouvier M, Mutation of
tyrosine-350 impairs the coupling of the B,-adrenergic
receptor to the stimulatory guanine nucleotide binding
protein without interfering with receptor down-
regulation. Biochemistry 32: 4979-4985, 1993.
Nantel F, Bonin H, Emorine LJ, Zilberfarb V,
Strosberg D, Bouvier M and Marullo S, The human
Bs-adrenergic receptor is resistant to short term
agonist-promoted desensitization. Mol Pharmacol 43:
548-555, 1993.

Adie EJ and Milligan G, Agonist regulation of cellular
levels of the stimulatory guanine nucleotide binding
protein, Gs, in wild type and transfected neuro-
blastoma-glioma hybrid NG108-15 cells. Biochem Soc
Trans 21: 430-434, 1993.

Bray P, Carter A, Simons C, Guo V, Puckett C,
Kambholz J, Spiegel A and Nirenberg M, Human
¢DNA clones for four species of G, signal transduction
protein. Proc Natl Acad Sci USA 83: 8893-8897, 1986.
Olate J, Mattera R, Codina J and Birnbaumer L,
Reticulocyte lysates synthesize an active & subunit of

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

91.

92.

1069

the stimulatory G protein G,. J Biol Chem 263: 10394
10400, 1988.

Pyne NJ, Freissmuth M and Pyne S, Phosphorylation
of the recombinant spliced variants of the a-sub-
unit of the stimulatory guanine-nucleotide binding
regulatory protein (G;) by the catalytic sub-unit of
protein kinase A. Biochem Biophys Res Commun 186:
1081-1086, 1992.

Pyne NJ, Freissmuth M and Palmer S, Phosphorylation
of the spliced variant forms of the recombinant
stimulatory guanine-nucleotide-binding regulatory
protein (G,,) by protein kinase C. Biochem J 285:
333-338, 1992.

Yoshimasa T, Sibley DR, Bouvier M, Lefkowitz RJ
and Caron MG, Cross-talk between cellular signalling
pathways suggested by phorbol-ester-induced adenyl-
ate cyclase phosphorylation. Nature 327: 67-70, 1987.
Reithmann C, Gierschik P, Sidiropoulos D, Werdan
K and Jakobs KH, Mechanism of noradrenaline-
induced heterologous desensitization of adenylate
cyclase stimulation in rat heart muscle cells: Increase
in the level of inhibitory G-protein a-subunits. Eur J
Pharmacol 172: 211-221, 1989.

Eschenhagen T, Mende U, Nose M, Schmitz W,
Scholz H, Warnholtz A and Wustel JM, Isoprenaline-
induced increase in mRNA levels of inhibitory G-
protein asubunits in rat heart. Naunyn Schmiedebergs
Arch Pharmacol 343: 609-615, 1991.

von Zastrow M, Link R, Daunt D, Barsh G and
Kobilka B, Subtype-specific differences in the intra-
cellular sorting of G-protein-coupled receptors. J Biol
Chem 268: 763-766, 1993.

Liggett SB, Ostrowski J, Chesnut LC, Kurose H,
Raymond JR, Caron MG and Lefkowitz RJ, Sites in
the third intracellular loop of the ay,-adrenergic
receptor confer short term agonist-promoted desen-
sitization. Evidence for a receptor kinase-mediated
mechanism. J Biol Chem 267: 4740—4746, 1992.
Eason MG and Liggett SB, Subtype-selective
desensitization of a,-adrenergic receptors. Different
mechanisms control short and long term agonist-
promoted desensitization of a,C10, a,C4 and a,C2. J
Biol Chem 267: 2547325479, 1992.

Milligan G, Agonist regulation of cellular G protein
levels and distribution: Mechanisms and functional
implication. Trends Pharmacol Sci 14: 413418, 1993.
Levy MN and Martin P}, Autonomic neural con-
trol of cardiac function. In: Physiology and Patho-
physiology of the Heart (Ed. Sperelakis N), pp. 361-
379. Kluwer Academic Publishers, Boston, 1989.
Buxton ILO and Brunton LL, Direct analysis of beta-
adrenergic receptor subtypes on intact adult ventricular
myocytes of the rat. Circ Res 56: 126~132, 1985.
Takanashi M, Norota I and Endoh M, Potent
inhibitory action of chlorethylclonidine on the positive
inotropic effect and phosphoinositide hydrolysis
mediated via myocardial alpha;-adrenoceptors in the
rabbit ventricular myocardium. Naunyn Schmiede-
bergs Arch Pharmacol 343: 669-673, 1991.

Kaumann AJ, Is there a third heart f-adrenoceptor?
Trends Pharmacol Sci 10: 316-320, 1989.

. Brodde O-E, Karad K, Zerkowski H-R, Rohn N and

Reidemeister JC, Coexistence of f- and Bi-
adrenoceptors in human right atrium. Direct identi-
fication by (z)-["*I}iodocyanopindolol binding. Circ
Res 53: 752-758, 1983.

Stiles GL, Taylor S and Lefkowitz RJ, Human cardiac
beta-adrenergic receptors: Subtype heterogencity
delineated by direct radioligand binding. Life Sci 33:
467-473, 1983.

Kaumann AJ and Lemoine H, pB,-Adrenoceptor-
mediated positive inotropic effect of adrenaline in-
human ventricular myocardium. Quantitative discrep-



1070

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

10s.

106.

107.

108.

G. MILLIGAN, P. SvoBoDpA and C. M. BROWN

ancies with binding and adenylate cyclase stimulation.
Naunyn Schmiedebergs Arch Pharmacol 335: 403~
411, 1989.

Hall JA, Petch MC and Brown MIJ, In vivo
demonstration of cardiac f,-adrenoceptor sensitization
by f-antagonist treatment. Circ Res 69: 959-964,
1991.

Wheeldon NM, McDevitt DG and Lipworth BJ,
Investigation of putative cardiac By-adrenoceptors in
man. Q J Med 86: 255-261, 1993.

Gross G and Hanft G, 5-Methyl-urapidil—an
antagonist which discriminates between a;-adreno-
ceptor subtypes. Br J Pharmacol 95: 568P, 1988.

del Balzo U, Rosen MR, Malfatto G, Kaplan LM and
Steinberg SF, Specific a;-adrenergic receptor subtypes
modulate catecholamine-induced increases and
decreases in ventricular automaticity. Circ Res 67:
1535-1551, 1990.

Han C and Minneman KP, Interaction of subtype-
selective antagonists with a-adrenergic receptor
binding sites in rat tissues. Mol Pharmacol 40: 531~
538, 1991.

Rokosh DG and Sulakhe PV, Characteristics of
alphal-adrenoceptors coupled to: inotropic response
and phosphoinositide metabolism in rat myocardium.
Circulation 84: 380-389, 1991.

Giotti A, Ledda F and Mannaioni PF, Effects of
noradrenaline and isoprenaline, in combination with
o and freceptor blocking substances, on the action
potential of cardiac Purkinje fibers. J Physiof (Lond)
299: 99-113, 1973.

Rosen MR, Hordof AJ, Ilventro JP and Danilo P Jr,
Effects of adrenergic amines on electrophysiological
properties and automaticity of neonatal and adult
canine Purkinje “fibers: Evidence for a- and $-
adrenergic actions. Circ Res 40: 390-400, 1977.

Ertl R, Jahnel U, Nawrath H, Carmaleit E and
Vereecke J, Differential electrophysiologic and ino-
tropic effects of phenylephrine in atrial and ventricular
heart muscle preparations from rats. Naunyn
Schmiedebergs Arch Pharmacol 344: 574-581, 1991.

Lee JH, Steinberg SF and Rosen MR, A WB-
4101-sensitive alpha-1 adrenergic receptor subtype
modulates repolarization in canine Purkinje fibers. J
Pharmacol Exp Ther 258: 681-687, 1951,

Mugge A, Reupcke C and Scholz H, Increased
myocardial «; adrenoceptor density in rats chronically
treated with propranolol. Eur J Pharmacol 112: 249~
252, 1985.

Bristow MR, Ginsburg R, Minobe WA, Cubicciotti
RS, Sageman WS, Lurie K, Billingham ME and
Harrison DC, Decreased catecholamine sensitivity
and B-adrenergic receptor density in failing human
hearts. N Engl J Med 305: 205-211, 1982.

Heathers GP, Corr PB and Rubin LJ, Transient
accumulation of inositol (1,3,4,5)-tetrakisphosphate
in response to aj-adrenergic stimulation in adult
cardiac myocytes. Biochem Biophys Res Commun
156: 485-492, 1988.

Bohm M, Beuckelmann D, Diet F, Feiler G, Lohse
MIJ and Erdmann E, Properties of alpha- and beta-
adrenoceptors in spontaneously hypertensive rats.
Naunyn Schmiedebergs Arch Pharmacol 338: 383-391,
1988.

Osnes JB, Aass H and Skomedal T, On adrenergic
regulation and function: Role of myocardial a-adreno-
ceptors. In: a-Adrenoceptor Blockers in Cardio-
vascular Disease (Eds. Refsum SH and Mjos
OD), pp. 69-102. Churchill Livingston, Edinburgh,
Scotland, 1985.

Downing SE, Lee JC and Fripp RR, Enbanced
sensitivity of diabetic heart to a-adrenoceptor
stimulation. Am J Physiol 245: H808-H813, 1983.

109.

110,

111.

112.

113.

114,

115.

116.

117.

118.

119.

120.

121.

122.

123.

124,

125.

Allely MC, Brown CM, Kenny BA, Kilpatrick AT,
Martin A and Spedding M, Modulation of ay-adreno-
ceptors in rat left ventricle by ischaemia and acyl
carnitines: Protection by ranolazine, J Cardiovascular
Pharmacof 21: 869-873, 1993.

Heathers GP, Yamada KA, Kanter EM and Corr PB,
Long-chain acylcarnitines mediate the hypoxia-
induced increase in aj-adrenergic receptors on adult
canine myocytes. Circ Res 61: 735-746, 1987.
Karliner JS, Barnes P, Brown M and Dollery C,
Chronic heart failure in the guinea pig increases
cardiac o4~ and B-adrenoceptors. Eur J Pharmacol 61:
115-118, 1980.

Hanna MK and Khairallah PA, Alterations of
myocardial a;-adrenergic receptors in hypertensive
cardiac hypertrophy in the rat. Arch Int Pharmacodyn
Ther 283: 80-93, 1986.

Itaya T, Hasimoto H, Uematsu T and Nakashima M,
Alterations of responsiveness to adrenoceptor agonists
and calcium of non-infarcted hypertrophied muscles
from rats with chronic myocardial infarction. Br J
Pharmacol 99: 572-576, 1990,

Kushida H, Hiramoto T and Endoh M, The
preferential inhibition of &- over B-adrenoceptor-
mediated positive inotropic effect by organic calcium
antagonists in the rabbit papillary muscle. Naunyn
Schmiedebergs Arch Pharmacol 341: 206-214, 1990.
Templeton A, Wilson VG, MacMillan J, Story N and
McGrath JC, Evidence for a prazosin-resistant,
rauwolscine-sensitive adrenoceptor-mediated pressor
response to noradrenaline and UK-14304 in the
isolated perfused vascular bed of the rat tail. Br J
Pharmacol 97: 563-571, 1989.

Furuta T, Precontraction-induced contractile response
of isolated canine portal vein to alpha-2 adrenoceptor
agonists. Naunyn Schmiedebergs Arch Pharmacol 337.
525-530, 1988.

Sulpizio A and Hieble JP, Demonstration of @
adrenoceptor-mediated contraction in the isolated
canine saphenous artery treated with Bay K 8644. Eur
J Pharmacol 135: 107-110, 1987.

Dunn WR, McGrath JC and Wilson VG, Expression
of functional postjunctional a-adrenoceptors in rabbit
isolated distal saphenous artery—A permissive role
for angiotensin I1? Br J Pharmacol 96: 259-261, 1989.
Ruffolo RR Jr, Nichols AJ, Stadel JM and Hieble JP,
Pharmacologic and therapeutic applications of ;-
adrenoceptor subtypes. Annu Rev Pharmacol Toxicol
33: 243-279, 1993.

Qing W, Dausse J-P and Ben-Ishay D, Sodium
regulation in the affinity of renal ay-adrenoceptors for
epinephrine in Sabra salt-sensitive and salt-resistant
rats. Am J Hypertens 4: 267-270, 1991.

Cocks TM and Angus JA, Endothelium-dependent
relaxation of coronary arteries by noradrenaline and
serotonin. Nature 305: 627630, 1983.

Pettersson B and Vallin I, Norepinephrine-induced
shift in levels of adenosine 3’ :5’-monophosphate and
ATP parallel to increased respiratory rate and lipolysis
in isolated hamster brown fat cells. Eur J Biochem
62: 383-389, 1976.

Nedergaard J and Cannon B, Brown adipose tissue:
Development and function. In: Fetal and Neonatal
Physiology (Eds. Polin RA and Fox WW), pp. 314~
325. W. B. Saunders, Philadelphia, 1992.
Nedergaard J and Cannon B, The uncoupling protein
thermogenin and mitochondrial thermogenesis. In:
Comprehensive Biochemistry (Ed. Erster L), Vol. 23,
pp. 385-420. Elsevier, Amsterdam, 1992.

Bronnikov G, Housték J and Nedergaard J, p-
Adrenergic, cAMP-mediated stimulation of pro-
liferation of brown fat cells in primary culture.



126.

127.

128.

129.

Adrenoceptor subtypes

Mediation via §; but not via §; adrenoceptors. J Biol
Chem 267: 2006-2013, 1992.

Bukowiecki L, Follea N, Vallieres J and LeBlanc J,
P-Adrenergic receptors in brown-adipose tissue.
Characterization and alterations during acclimation of
rats to cold. Eur J Biochem 92: 189-196, 1978.
Svoboda P, Svartengren J, Snochowski M, Houstek J
and Cannon B, High-number of high-affinity binding
sites for dihydroalprenolol on isolated hamster brown-
fat cells. A study of B-adrenergic receptor. Eur J
Biochem 102: 203-210, 1979.

Arch JRS, Ainsworth AT, Cawthorne MA, Piercy V,
Sennitt MV, Thody VE, Wilson C and Wilson S,
Atypical g-adrenoceptor on brown adipocytes as target
for anti-obesity drugs. Narure 309: 163-165, 1984.
Mohell N, Nedergaard J and Cannon B, Quantitative

130.

131.

1071

differentiation of a- and B-adrenergic respiratory
responses inisolated hamster brown fat cells: Evidence
for the presence of an o;-adrenergic component. Eur
J Pharmacol 93: 183-193, 1983.

Svoboda P, Svartengren J and Drahota Z, The
functional and structural reorganisation of the plasma
membranes of brown adipose tissue induced by cold-
acclimation of the hamster. II. Beta-adrenergic
receptor. Mol Physiol 5. 211-220, 1984.

Adie EJ, Mullaney I, McKenzie FR and Milligan G,
Concurrent down-regulation of IP prostanoid receptors
and the a-subunit of the stimulatory guanine-
nucleotide-binding protein (G,) during prolonged
exposure of neuroblastoma X glioma cells to
prostanoid agonists. Quantification and functional
implications. Biochem J 285: 529-536, 1992.



