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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 cy- and padrenergic responses 
and subsequently divided an cu-adrenergic response 
into ai and aZ 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 fl 
and p. a+Adrenoceptors were defined as NA > 
AD 9 IS0 and /I-adrenoceptors as IS0 > AD = 
NA. Iw-Adrenoceptors were subdivided into m1 and 
q, originally based on anatomical distribution, post- 
junctional Ei-adrenoceptors and pre-junctional q- 
adrenoceptors, although later an a. profile was seen 
for some post-junctional receptors [l]. The ai- 
adrenoceptors are defined as stimulated by phenyl- 
ephrine and blocked by prazosin (pAz 8-11), and 

t Corresponding author: Tel. 41-339-8855, Ext. 5557; 
FAX 42-330-4620. 

the +adrenoceptors as stimulated by clonidine or 
UK-14,304 and antagonized by idazoxan (pA2 7.2- 
8.5) or yohimbine (pA2 7-9). 

The wide range of potencies for prazosin seen in 
different tissues of the same species led to suggestions 
of heterogeneity within the ai-adrenoceptor popu- 
lation 121. Recent evidence suggests that al- 
adrenoceptors can be divided into at least four 
prazosin-sensitive (pAp > 9.5) subtypes (uiA, alB, 
alC, aiD; Table 1) and at least one subtype where 
prazosin shows lower affinity (pAz < 9; Table 1) 
]3-71. 

Similarly, q-adrenoceptors have been further 
subdi~ded (@*A, qB, qC, aczD; Table 1) based on 
differences in 3H-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 qA- and aiD- 
adrenoceptors represent species homologues [9-121. 
The main difference in the pharmacolo~, the fower 
affinity of yoh~bine for the ~*D-adrenoceptor, may 
be due to a cys20lser change in the fifth trans- 
membrane domain, as shown in Ma2-1OH human 
chimeras [ 131. 

The possibility of heterogenous pre- versus post- 
junctional a*-adrenoceptor subtypes is attractive, 
and the identification of the >lOO-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, LQA, aiB or a$, but the lower 
affinity for the LQZD has prompted the suggestion 
that this subtype may be pre-jun~onal [16]. 

j%Adrenoceptors (Table 1) have been subdivided 
into &- and &adrenoceptors on the basis of the 
rank order of potencies of catecholamines acting on 
tissues producing different responses [17]: & (IS0 > 
NA>AD), and & (ISO>AD >NA). This was 
confirmed by the development of the selective 
agonists dobu~~ne (a), salbutamol (a) and the 
antagonists CGP20712A (a) and ICI 118551 (/I$. 
A third subtype, the &adrenoceptor, shows lower 
affinity for the agonists with a rank order 
NA > IS0 > AD and low affinity for known /? 
antagonists. As yet, no selective antagonists have 
been reported. 
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Relationship ofpharmacologicalprofiles 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 /Sadrenoceptor cDNAs, j31 [ 181, & [ 191 
and & [20], have been isolated and, indeed, 
two distinct splice variant isoforms of the &- 
adrenoceptor, which vary by the presence or absence 
of six C-terminal amino acids, have been isolated 
(see below). Whereas expressed &- and p2- 
adrenoceptor cDNA species display high similarities 
with pharmacological prediction, there are dif- 
ferences in the activities of certain ~adrenoceptor 
ligands on &adrenoceptors expressed from cDNA 
in CHO cells and those expressed endogenously in 
adipose tissue [21]. While such studies indicate the 
possibility of &-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” 
@-adrenoceptor is yet to be molecularly defined [22]. 

The existence of multiple isoforms of ruz-adreno- 
ceptors produced from different genes on different 
chromosomes (u&10, &4, &2) is well estab- 
lished, but while the coincidence of the product of 
qCl0 gene with the ph~macologi~ly defined (y2A- 
adrenoceptor f23] has been firmly established for 
some time, there has been greater debate about the 
correlation of the a$4 [24] and &&2 [25] forms 
with the a*B and LY$ adrenoceptors. It now appears 
that the mzB adrenoceptor corresponds to the a&? 
gene product and the a& adrenoceptor to the (y2C4 
gene product. There has been further confusion 
centred on whether a fourth cDNA clone (rg20) 
corresponds to a separate ((y2D) isoform, but it 
seems that this product may be the rat homologue 
of the ar,A-adrenoceptor (see above). 

There appear to be four distinct Et-adrenoceptors, 
aiA-D [4-f&26]. Clones corresponding to +B-D 
are known, and while the cloned ff~D-adrenoceptor 
was initially thought to correspond to the phar- 
macologically defined cu,A-adrenoceptor, this, how- 
ever, only refers to the atypical wlA in the rat aorta 
[271. 

~~lec~~ar analyst :genomic cloning 

Genomic clones of both the & and &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 &-adrenoceptor from both 
humans [30] and rats [31,32] indicate that their gene 
structure is more complex. In the case of the human 
&-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 a-adrenoceptor. Indeed, polymerase 

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 also been 
isolated [34-361. The functional significance of these 
isoforms remains to be explored in detail. Both the 
&X0- and &Zadrenoceptors are derived from 
intronless genes, whereas both the RIB- and LZ&- 
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 mechanbms 
Although the four genetically distinct padreno- 

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 
&-adrenoceptor to stimulate adenylyl cyclase is 
lower than that of the & [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 &- 
adrenoceptor has been indicated to be the 
functionally predominant form in the heart, although 
in differing species the ~-adrenoceptor may 
represent between 20 and 60% of the /3-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 Ca2+ levels in a 
number of tissues. A further signalling function has 
been recorded for the /Sadrenoceptor of turkey 
erythrocytes (which is pharmacologically most highly 
related to the mammalian /31-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 cu2-adrenoceptor family are more complex. 
The classically accepted mechanism is to produce 
inhibition of adenylyl cyclase via stimulation of “GT. 
In the cases in which it has been examined in detail, 
this has been shown to be via the Gi2 subtype 
[42,43]. When the @ZlO 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-immunopre~pitate with both Gi 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 a&10-adreno- 
ceptor couples selectively to Gi but that it also 
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exhibits a weaker interaction with G,. Both the (u&4- 
and &2-adrenoceptors were also noted to interact 
with both Gi 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 LJ$Z~O > qC4 > 0&2 [44]. 
As such, the balance of regulation of adenylyl cyclase 
by qadrenoceptors 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 A2 [47]) and regulation of 
~21’~ and the mitogen-activated protein (MAP) 
kinase cascade [48] have also been recorded for az- 
adrenoceptors. The reports of such effects tend to 
have been produced from studies in which a relatively 
high-level expression of an q-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 /Ir subunits associated with Gia [49]. There is 
insufficient information to assess (a) if the individual 
q-adrenoceptors differ significantly in their ability 
to activate these cascades, or (b) the potential 
physiological relevance of these actions. 

Agonist activation of the q-adrenoceptors is 
usually anticipated to regulate the intracellular levels 
of inositol 1,4,5trisphosphate 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 
qC-adrenoceptor couples more efficiently to this 
pathway than does the qB-adrenoceptor [5]. In 
transfected cell systems, this has been shown to 
involve the participation of the pertussis toxin- 
insensitive G-proteins, G, and/or Grl [50]. However, 
a 74 kDa pertussis toxin-insensitive G-protein 
designated Gh has also been suggested to play a 
role in pertussis toxin-insensitive effects of @I- 
adrenoceptors [51], and a variety of q-adrenoceptor 
effects have been reported to be attenuated by 
pertussis toxin treatment of cells and tissues [52]. 
These observations imply the interaction of q- 
adrenoceptors with a range of G-proteins [53], but 
there is no evidence at this stage to indicate that this 
will correlate with different q-adrenoceptor subtypes 
or their function. 

Further second messenger effects of @r-adreno- 
ceptors, which have been recorded, include stimu- 
lation of phospholipase A2 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 a-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. 
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Fig. 1. , 4; gonist-induced regulation of /Ladrenoceptor 
subtype density and function: The role of CAMP. Agonist 
activation of PI-, /3r- or &adrenoceptors results in reduced 
levels ( 1) of both PI and a but not a (-). If there are 
high levels of either the A- or &adrenoceptor, this can 
result in a substantial reduction of cellular levels of G,c 
( & ). It is likely, but has not been formally demonstrated, 
that the same is true for the /3,-adrenoceptor. CAMP 
generated by agonist activation of any of the /?-adrenoceptor 
subtypes can result in up-regulation ( t ) of expression of 
at least both the A- and &adrenoceptor genes. A CAMP- 
dependent mechanism can also down-regulate ( & ) levels 
of, at least, /$-adrenoceptor mRNA, leading to reduced 
synthesis of the polypeptide. There are, respectively, one, 
two and no consensus sites in the PI-, a- and A- 
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 
&adrenoceptor is expressed although it is not in 
the undifferentiated fibroblast phenotype [57]. These 
cells also express the /3r-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 &adrenoceptor 
mRNA were found to be elevated within 4 hr and 
this was maintained for at least 30 hr; in addition, 
levels of the &-adrenoceptor also increased with a 
similar temporal pattern. However, in parallel, the 
levels of the &adrenoceptor declined by some 70% 
[58]. mRNA encoding the &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 &-adrenoceptor, and 
dexametha~ne (passably via activation of a 
~ucoco~~oid response element} causes a significant 
increase in the levels of &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 &adrenoceptor mRNAs. It is thus clear that 
complex, gene-specific regulation of members of the 
Padrenoceptor 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 #I-adrenoceptor profile, and as single 
vent~cular myocytes have been shown to co-express 
&- and &adrenoceptors 1591, 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 &- and &- 
adrenoceptors is indeed noted in cardiac tissue of 
patients treated with @r-selective antagonists. Such 
treatment results in a sensitization of response to 
catecholamines at the ~-adren~eptor but not at 
the &adrenoceptor [60,&f. The mechanism(s) 
responsible for this phenomenon is unidentified but 
does not include a selective up-regulation of the 
amount of the A-adrenoceptor. The functional 
relevance of coexpression of&-and &adrenoceptors 
and such cross-regulation of receptor sensitivity in 
the heart are considered later. 

Lksensitization. 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 compfetely for the &- 
adrenoceptor [62,63]. This receptor has a number 
of potential phosphorylation sites, p~marily within 
the C-terminal tail of the receptor but also within 
the third intracellular loop. In the case of the a- 
adrenoceptor, both protein kinase A and a receptor 
kinase that is highly selective for the agonist-occupied 
form of the receptor, termed @adrenoceptor kinase 
(BARK), play definite roles. As in many systems 
~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 &-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 [63-661. The 
result of such modifications is a rapid “uncoupling” 
of the receptor from Gs@ upon exposure of a cell 
expressing this receptor to an agonist. Whether this 
process involves a physical separation of the receptor 

and G-protein is not entirely clear, but as there 
appears to be a central role of G-protein j3y subunit 
in attracting BARK, which in the resting state is a 
p~ma~ly c~opl~~c enzyme, to the plasma mem- 
brane [67, I%] where it can now act upon the &- 
adrenoceptor, it must be assumed that at least the 
/3y 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, 1691. 

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 mai~t~ned, 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 pi (one site)- and & (two sites)-adreno- 
ceptors have sequence motifs consistent with their 
acting as substrates for phospho~lation by protein 
kinase A, the same is not true of the a-adrenoceptor 
(Fig. 1). Indeed, in this regard it is interesting to 
note that the &-adrenoceptor is resistant both to 
agonist-mediated short-term desensitization [73] 
and, on a longer time scale, to agonist-induced 
receptor down-reg~ation. Thus, in cells expressing 
a mixed complement of j3-adrenoceptor subtypes, 
the quantitative importance of signalling from p1- 
and &-adrenoceptors might be anticipated to decline 
with time, whereas that of the &adrenoceptor would 
increase. 

Since all the ~adren~eptor 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 Padrenoceptor 
subtypes. Indeed, &adrenoceptor-mediated down- 
regulation of cellular Gs~ 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,cu 1751, 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 1761. While a potential phosphorylation 
site is determined by the exact splice acceptor site 
utilized [75], and forms of G,cu have been reported 
to act as substrates for both protein kinase A [773 
and protein kinase C [78] in vitro evidence for the 
agonist-mediated regulation of phosphorylation of 
this species in uivo 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 padrenoceptor subtypes has 
not yet been examined. However, the potential for 
cross-regulation of &adrenoceptor function in heart 
by cu,-adrenoceptor-mediated activation of protein 
kinase C, and hence inactivation of adenylyl cyclase, 
is intriguing given the interaction of 4- and /I- 
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 Gi 
P301, 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 Gi [81] 
may restrict the activity of padrenoceptor 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 &-, cu;ClO- or 
&4-adrenoceptors, the a-adrenoceptors were 
internalized to a population of intracellular vesicles 
distinct from those containing the qCCadreno- 
ceptor. Over this time scale, the qClO-adrenoceptor 
remained at the plasma membrane [82]. 

As with the &- and &adrenoceptor subtypes, 
evidence indicates that agonist-induced phos- 
phorylation of sites within the third intracellular 
loop of some ai-adrenoceptor subtypes is likely to 
play an important role [83]. Expression of each of 
the qClO-, &4- and c&2-adrenoceptors in CHO 
cells and short-term challenge with agonist resulted 
in functional desensitization of both the arClO- and 
c&Zadrenoceptors but no effect on the L&C 
adrenoceptor. Moreover, the a&4-receptor was 
resistant to down-regulation during sustained 
exposure to agonist, whereas both the e&10- and 
e&2-adrenoceptors were down-regulated [84]. Even 
without down-regulation of the qCCadrenoceptor, 
agonist-induced down-regulation of Gi 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 q-adrenoceptor subtypes men- 
tioned above, this has been noted to occur for both 
the p2- [74] and &adrenoceptor (Milligan et al., 
unpublished observations) and for the cu,B- and 
qC-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. 861. 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- 

tion through which catecholamines exert their effects 
on cardiac muscle. ar-, a2-, &- and &-Adrenoceptors 
(Fig. 2) have all been identified on myocytes [87- 
891, although the function and subtype(s) of the cu2- 
adrenoceptor(s) are as yet unknown. Intriguingly, 
in the heart &-, &- and to some extent #Jr-, qA- 
and @rB-adrenoceptors mediate effects that are 
functionally similar, suggesting the possibility of 
cross-regulation of adrenoceptor sensitivity. Under 
normal conditions, noradrenaline preferentially acts 
on the &-adrenoceptor (>75% of the response), 
thereby increasing CAMP and initiating a signal 
cascade resulting in cardiac contraction. However, 
in the compromised heart, the #J-adrenoceptor, 
which represents a significant percentage of the /& 
adrenoceptor population (25-60% of the human 
heart; [90-921) 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 &-adrenoceptor antagonists show 
unaltered /Ir responses (after wash-out of the /!lr 
blocker), whereas /$ responses are potentiated (>6 
fold) in vitro and in vivo [60,61]. Although the 
cardiac &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 ar-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 ar- 
adrenoceptor subtypes in the myocardium have been 
determined for the alA and qB subtypes: rat 
arA:curB, 20:80% [95]; rabbit erA:curB, 37:63% 
[88]; similarly in the dog there is a higher proportion 
of chloroethylclonidine (CEC)-sensitive alB sites 
[96]. Other non-@rA or -cutB subtypes have been 
identified in the heart [97], but their relation to 
known subtypes has not been defined. 

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

ar-Adrenoceptor agonists have also been shown 
to increase the duration of the action potential 
[99,100], and to be more effective on atria1 than 
ventricular muscle [loll. The subtype involved is 
not known, but it could be the cu,A subtype as it 
shows sensitivity to WB-4101[102]. The urA subtype 
acts to restore Ca2+-dependent (slow) action 
potentials, i.e. increases the Ca2+ inward current. 

Multiple adrenoceptors in the heart allow for 
endogenous control via changes in receptor density 
and sensitivity. The cu-adrenoceptor response is more 
important in disease states where the balance of 
a+adrenoceptors in the heart is altered in favour 
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/ 
Q in cardiac hypetrophy 

adremeptm 
b. Compromised heart 

Fig. 2. Multiple adrenoceptors in the heart. In the normal heart (a), the majority of the noradrenaline 
response (>75%) activates &adrenoceptors (indicated by the large /I, symbol), resulting in positive 
chronotropic and inotropic effects, increased automaticity and faciiitation of induction in the AV 
node with a corresponding decrease in cardiac efficency. However, 8, /IJ and LYE (cu,A and/or oiB) 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 /3-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 ai-adrenoceptor- 
mediated positive inotropic response is unrelated to CAMP, it remains to be determined how the 
responses of the (Y- and /I-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 /3i-adrenoceptor failure. Other subtypes ((Y*, E,?) have been identified in the normal heart (a), 
but their function is unknown. Changes in the number of er-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 IY and p2, which may offer the heart a catechol- 
amine-sensitive backup in the event of a-adreno- 
ceptor failure. Changes occur following chronic 
~eatment with ~~-antago~sts ([103] increase in ml 
and [60,61] increase in & sensitivity), congestive 
heart failure (11041 decrease in #Jr), cardiac hypoxia 
([ 1051 increase in q) , hypertension in animals ([ 1061 
decrease in j3r) and in hypothyroidism ([107] 
increased inotropic response to err-adrenoceptor 
agonists) and diabetes ([lo81 increased inotropic 
response to er-adrenoceptor agonists). There is also 
an increase in ar-adrenoceptor number in ischaemia, 
induced by increased acyl carnitine levels [log, 1101 
and following cardiac hypertrophy [ill, 1121. al- 
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 q-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, cu-adrenoceptors contract smooth muscle 
via the release of intracellular calcium and /% 
adrenoceptors cause relaxation by initiating an 
increase in CAMP and subsequent upstream events. 
&r-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 
qA-adrenoceptor is the predominant receptor on 
renal arteries, whereas both #rA- and +B- 
adrenoceptors are present on both mesenteric artery 
and portal vein. The important hypertensive c-~r- 
adrenoceptor on rat aorta has been difficult to 
classify, but molecular studies show that the aorta 
expresses the LY~D [6] (atypical &rA [27]) and ctIB 
subtypes. This suggests that the qA, E,B and 
particularly the arD subtypes are involved in 
dete~ining peripheral resistance. It is likely that 
cuz-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 a2-adreno- 
ceptors are often masked by pre-junctional (YZ- 
adrenoceptors (possibly the LY*D subtype, see above) 
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mediating noradrenaline release and because in 
uitro the q-adrenoceptors dominate functionally. 
However, by changing the experimental conditions 
to more like that seen in uivo, tonically activating 
the system with a non-~-adrenoceptor stimulant, 
post-junctional ai-adrenoceptors become func- 
tionally evident [115-1181. Therefore, the possibility 
remains that az-adrenoceptors play a role in venous 
capacitance and that q-adrenoceptor antagonists 
could be used as peripheral dilators of the extremities; 
indeed an increase in q-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 az-adrenoceptor subtypes are important 
in the control of blood flow. The oZA-adrenoceptor 
may be responsible for the resistance to salt-induced 
hypertension, as it is deficient in the kidneys of salt- 
sensitive Sabra rats [120]. 

In contrast, the pi- and &-adrenoceptors dilate 
blood vessels, the &adrenoceptor response being 
dominant except on coronary arteries where /Ii- 
adrenoceptors relax smooth muscle. In addition to 
the ,tI1 response, activation of &z-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, oz-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 rnit~hond~~ 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 i~ature cells [124], 

This temporal variation in the effects that must 
be produced by noradrenaline may explain why the 
same cell expresses different /&adrenoceptor subtypes 
[125] ,even though they act via the same signal 
transduction pathway. If we assume that a different 
Padrenoceptor subtype is used to initiate cellular 

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 [ 126-1291. However, except in some 
pathophysiological conditions, the contribution of 
Padrenoceptors is primary. 

If the maturation and physiological function of 
brown adipose tissue are viewed as a sequence in 
which the &-adrenoceptor is responsible for DNA 
synthesis and cellular proliferation and the a- 
adrenoceptor for CAMP-induced lipolysis, res- 
piration and thermogenesis, then a desensitization 
of the pi-adrenoceptor would be required to stop 
proliferation and quantitative growth, whereas the 
&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 #Ii- 
and &adrenoceptors during differentiation of 
preadipocyte 3T3-F442A cells and the resistance of 
a-adrenoceptors to short-term desensit~ation 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 &-adrenoceptors would 
be expected to remain active even when co-expressed 
with the &-adrenoceptor. The a-adrenoceptor also 
shows low affinity for noradrenaline and adrenaline 
in comparison to pi- and &-adrenoceptors. Further- 
more, the &-adrenoceptor may be present in large 
quantities in comparison to the a-adrenoceptor 
[130]. Under such conditions, noradrenaline at low 
concentrations (l-10 nM) [122] would activate 
the low-capacity, high-affinity a-adrenoceptors, 
whereas later, higher concentrations of noradrenaline 
would stimulate the low-a~nity, high-capacity &- 
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,a down-regulation, in contrast to that of the /3- 
adrenoceptors [70], is independent of the generation 
of CAMP [49]. Thus, agonist occupation of the low 
levels of &adrenoceptors in brown fat is unlikely 
to cause down-regulation of a significant fraction of 
G,a: This is relevant as G,rr levels presumably must 
be maintained to allow generation of the subsequent 
,&-adrenoceptor response for thermogenesis unless 
the receptors interact selectively with different G,a 
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 
allowingforthepossibilityofabackupcatechol~ine- 
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. 
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