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Abstract

In this review, subtypes of functional «,- and « ,-adrenoceptors are discussed. These are cell membrane receptors, belonging to the
seven transmembrane spanning G-protein-linked family of receptors, which respond to the physiological agonists noradrenaline and
adrenaline. o ;-Adrenoceptors can be divided into «,,-, o415~ aNd o ;p-adrenoceptors, al of which mediate contractile responses involving
Ggy/11 @nd inositol phosphate turnover. A 4th o;-adrenoceptor, the « 4, -, has been postulated to mediate contractions in some tissues, but
its relationship to cloned receptors remains to be established. o ,-Adrenoceptors can be divided into o ,4-, a,5- and a ,c-adrenoceptors,
all of which mediate contractile responses. Prejunctional inhibitory o ,-adrenoceptors are predominantly of the o ,,-adrenoceptor subtype
(the o ,p-adrenoceptor is a species orthologue), although « ,c-adrenoceptors may also occur prejunctionally. Although o ,-adrenoceptors
are linked to inhibition of adenylate cyclase, this may not be the primary signal in causing smooth muscle contraction; likewise,
prejunctional inhibitory actions probably involve restriction of Ca2™ entry or opening of K* channels. Receptor knock-out mice are
beginning to refine our knowledge of the functions of a-adrenoceptor subtypes. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Adrenoceptors can be defined as the cell membrane
receptors, belonging to the seven transmembrane spanning
G-protein-linked family of receptors, which respond to the
physiological agonists noradrenaline and adrenaline by
producing a response in the cell. Adrenoceptors can be
divided into two broad categories, o« and B, or more
correctly into three major sub-categories, a;, o, and B,
although this review will concentrate on «,- and o,-
adrenoceptors. a-Adrenoceptors have been one of the most
widely studied families of receptor because of the major
physiological importance of these receptors in control of
blood pressure and blood flow, neural modulation, diges-
tion, micturition, airways, reproduction, pupil diameter,
endocrine and metabolic processes and in behaviour.

Historically, Ahlquist (1948) described two types of
adrenoceptor based on the rank order of potency of a series
of agonists. The receptor termed B was mainly inhibitory,
except in the heart, and the receptor termed o was mainly
excitatory, except in the intestine. In Ahlquist’s classifica-
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tion, «-adrenoceptors were receptors present on smooth
muscle, i.e., postjunctional «-adrenoceptors.

The next magjor development in adrenoceptor classifica
tion did not occur until 1974, but the starting point for this
was an article by Brown and Gillespie (1957) which
demonstrated that the «-adrenoceptor antagonists
dibenamine and phenoxybenzamine increased the release
of neurotransmitter from cat spleen. In hindsight, similar
observations had been made by Bacq and Frederico in
1934 (Bacq and Frederico, 1934) but were overlooked.
These findings were initially explained in terms of poten-
tiation of release of noradrenaline due to blockade of the
neuronal noradrenaline transporter (Thoenen et al., 1964),
but Starke et al. (1971) demonstrated that the «-adrenocep-
tor antagonist phentolamine increased stimulation-evoked
noradrenaline release by an action distinct from uptake
blockade. Since the «-adrenoceptor agonists xylazine
(Heise et al., 1971) and clonidine (Starke et al., 1972) were
then found to reduce the stimulation-evoked release of
noradrenaline from adrenergic nerve terminas, it became
clear that these actions of «-adrenoceptor agonists and
antagonists were mediated by «-adrenoceptors on the nerve
terminals, so called presynaptic or prejunctional receptors
(see Starke, 1977). It is now well established that prejunc-
tional receptors for a large number of neurotransmitters
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and neuromodulators are present on many kinds of nerve
terminals. Prejunctional «-heteroceptors on non-adrenergic
nerves mediate inhibition of transmission in those nerves,
but, more interestingly, prejunctional o-autoreceptors on
adrenergic nerves mediate a negative feedback whereby
released noradrenaline modulates its own further release
(for reviews, see Langer, 1974, 1997, Westfall, 1977;
Starke, 1977, 1987).

Once the concept of prejunctional and postjunctional
a-adrenoceptors had been accepted, it became clear that
there were differences between pre- and postjunctional
a-adrenoceptors in terms of the relative potencies of a
series of agonists and antagonists. This led to the subclas-
sification of a-adrenoceptors into o ,-postjunctional and
a,-prejunctional  adrenoceptors (Langer, 1974). Later,
when evidence accumulated for o ,-adrenoceptors located
postjunctionally, this purely anatomical classification was
refined into a pharmacological subclassification, indepen-
dent of location (Berthelsen and Pettinger, 1977; Starke
and Langer, 1979). Perhaps most surprisingly, o ,-adreno-
ceptors were shown to occur on vascular smooth muscle
and to mediate vasoconstrictor responses (Drew and Whit-
ing, 1979; Docherty et a., 1979; Docherty and McGrath,
1980). Initially, it was suggested that these « ,-adrenocep-
tors may be predominantly extrasynaptic and mediate re-
sponses to circulating catecholamines (Langer et a., 1981),
but it later became clear that contractions to nerve stimula
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Fig. 1. A simplified representation of the history of the subdivision of
a-adrenoceptors. The current classification includes three types of ;-
adrenoceptor (a4, @, ®1p) and three types of o ,-adrenoceptor (o qp,
a5, @,c). The status of the ., -adrenoceptor is unclear, but appears to
have links with the a4
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tion in human saphenous vein and other tissues are aso
o ,-adrenoceptor mediated (Docherty and Hyland, 1985).

Further advances in our understanding of «-adrenocep-
tors have come from the development of new pharmaco-
logical methodologies for the study of receptors. The first
of these was the technique of the radioligand binding assay
which, beginning in the mid-1980’s, began to demonstrate
that there were subtypes of both «;-adrenoceptors (see
Morrow and Creese, 1986; Han et al., 1987) and « ,-adren-
oceptors (see Bylund, 1985, 1988). However, the relation-
ship between ligand binding sites and functional receptors
was not always easy to ascertain (see Docherty, 1989). The
study of «-adrenoceptors was revolutionised by the tech-
niques of molecular biology. Six genes for «-adrenocep-
tors have now been identified and sequenced (o, a5,
Qgp, Qop, Qog, Coe) and species orthologues have been
identified (human «,, and rat o,y see Bylund et a.,
1994; Hieble et al., 1995). Studies of subtypes of receptor
have been made easy by transfection of genes into suitable
cell lines to produce pure populations of recombinant
receptors.

Fig. 1 shows how the subclassification of «-adrenocep-
tors has developed since 1948.

The object of this short review is to look at functional
subtypes of a-adrenoceptors, their physiological roles, and
at some problems remaining in terms of subclassification.
Rather than discuss o ;- and « ,-adrenoceptors independent
of location, | have chosen to investigate pre- and postjunc-
tional receptors separately to allow a more logical consi-
deration of function.

2. Prejunctional a-adrenoceptors
2.1. Prgjunctional a,-adrenoceptor subtypes

2.1.1. Prejunctional «,, ,p-adrenoceptors

a,-Adrenoceptors have been subdivided into three sub-
types, a,,-, a,5- and a ,c-adrenoceptors, based on ligand
binding and molecular cloning studies (Lorenz et al., 1990;
Bylund, 1992), and the rat «,y-adrenoceptor is a species
orthologue of the human « ,,-adrenoceptor (Lanier et al.,
1991; Harrison et al., 1991). Functional prejunctiona o ,-
adrenoceptors in rat submandibular gland (Limberger et
al., 1992; Smith et al., 1992a; Smith and Docherty, 1992),
rat vas deferens (Smith et al., 1992a; Smith and Docherty,
1992) rat cerebral cortex (Trendelenberg et al., 1993),
pithed rat heart (Smith et al., 1995), rat kidney (Bohmann
et a., 1993) and mouse atria (Wahl et a., 1996) resemble
the o ,p-adrenoceptor ligand binding site, whereas those in
rabbit cerebral cortex (Trendelenberg et al., 1993), dog
mesenteric artery (Daniel et al., 1995), human cerebral
cortex (Raiteri et a., 1992) and human saphenous vein
(Molderings and Gothert, 1995) resemble the a ,,-adreno-
ceptor.
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2.1.2. Prejunctional «,c-adrenoceptors?

However, some studies have produced results suggest-
ing that prejunctional o« ,-adrenoceptors may not always be
of the a,, ,p-subtype, or that more than one subtype may
be present prgjunctionally. Functional prejunctional o .-
adrenoceptors have been reported in human kidney cortex
(Trendelenberg et al., 1994) and human right atrium (Rump
et a., 1995); however, this identification has been ques-
tioned (Trendelenburg et al., 1997). Furthermore, the func-
tional prejunctional o ,-adrenoceptors in rat isolated atrium
do not closely resemble the o ,5-adrenoceptor (Smith et
al., 1992a; see also Limberger et a., 1992) (see Fig. 2).
This led to an apparent anomaly that the prejunctional
receptor activated by the synthetic o ,-adrenoceptor ago-
nist xylazine in the pithed rat heart closely resembles the
rat submandibular «,-adrenoceptor ligand binding site
(see Fig. 2; Smith et al., 1995), whereas the prejunctional
receptor activated by endogenous noradrenaline in rat iso-
lated atrium does not (see Fig. 2). Limberger et al. (1992)
also found that the prejunctional o ,-adrenoceptor of the rat
atrium was difficult to subtype, given that it correlated
well with all three subtypes of « ,-adrenoceptor, athough,
more recently, Trendelenburg et al. (1997) have reported
that the inhibitory prejunctional receptor activated by the
a ,-adrenoceptor agonist UK 14,304 (5-bromo-6-(2-im-
idazolin-2-yl-amino) quinoxaline) in rat atrium is an o ,p-
adrenoceptor.

Due to this discrepancy which might suggest that more
than one subtype is present in rat atria, prejunctional
o ,-adrenoceptorsin rat atrium and rat cerebral cortex were
directly compared employing 8 adrenoceptor antagonists
(Ho et al., 1998). Only the non selective adrenoceptor
antagonist yohimbine and the o ,,-adrenoceptor selective
adrenoceptor antagonist BRL 44408 (2-((4,5-dihydro-1H-
imidazol-2-yl)methyl)-2,3-dihydro-1-methyl-1H-isoindole)
had similar potenciesin atria and cortex, suggesting that an
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Fig. 2. Correlation between antagonist affinity for o ,y-ligand binding
sites (rat submandibular gland) and antagonist prejunctional potency in
the pithed rat heart (open symbols; r = 0.97, n=10, P < 0.001) and rat
isolated atrium (filled symbols; r = 0.74, n=8, P < 0.05). Adapted from
Smith et al. (19923, 1995).
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Fig. 3. Summary of the pre- and postjunctional sites of o ,-adrenoceptor
subtypes. The predominant prejunctional adrenoceptor on noradrenergic
nerve terminals is the a,, (a,p in rat), but a,c may aso be present.
Postjunctionally, al three subtypes are present on vascular smooth mus-
cle, but the o, may occur especially in venous smooth muscle.

o ,p-adrenoceptor is present in both tissues (Ho et d.,
1998). However, the other 6 adrenoceptor antagonists,
ARC 239 (2-(2,4-(o-methoxyphenyl)-piperazin-1-yl)-
ethyl-4,4 dimethyl-1,3-(2H,4H )-isoquinolindine chlo-
ride)y HV 723 («a-ethyl-3,4,5-trimethoxy-a-(3-((2-(2-
methoxyphenoxy)ethyl)-amino)-propyl)-benzene aceto-
nitrile fumarate), WB 4101 (2-(2',6'-dimethoxyphenoxy-
ethyl)aminomethyl-1,4-benzodioxan), prazosin, chlor-
promazine and abanoquil, which show low affinity for
o ,p-adrenoceptors in relation t0 a,5- and/or a,c-adren-
oceptors, al significantly increased stimulation-evoked
overflow at lower concentrations in rat atrium than rat
cerebral cortex (Ho et al., 1998). The results suggest that,
in addition to the «,-adrenoceptor, a second subtype of
adrenoceptor is found in the rat atrium but not the cerebral
cortex.

We now see that the resemblance of the rat atria
adrenoceptor to any of the o ,-adrenoceptor subtypes is
complicated, presumably due to the presence of two sub-
types. This probably means that the receptors activated by
xylazine to inhibit tachycardia in the pithed rat (Smith et
a. 1995) and by UK 14,304 to decrease transmitter
release in rat atria (Trendelenburg et al., 1997) are pre-
dominantly of the « ,5-adrenoceptor subtype, whereas the
receptors activated by noradrenaline to inhibit release of
transmitter in atria are of two subtypes: « ,,-adrenoceptors
and either a5 or a,c (Ho et d., 1998). Given the reports
of functional prejunctional « ,--adrenoceptors in human
kidney cortex (Trendelenberg et al., 1994) and human right
atrium (Rump et al., 1995), and that ligand binding studies
show both a,,- and o,c-adrenoceptor subtypes in rat
cerebra cortex and spinal cord (Uhlen et al., 1992), the
evidence may suggest that this second prejunctiona
adrenoceptor subtype is o, (Docherty, 1994; see Fig. 3).
Studies in o ,-adrenoceptor knockout mice confirm that
two subtypes of «,-adrenoceptor are present prejunction-
aly (Hein and Kobilka, 1998).
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A further point of interest is to speculate on the possible
differences in the roles of the two subtypes of prejunc-
tional o ,-adrenoceptor. Both are targets for neuraly re-
leased noradrenaline (at least when the noradrenaline trans-
porter is blocked; Ho et al., 1998), but are they co-loca
lised or in different locations on the nerve terminal; do
they act through the same G-protein/second messenger
system; are they internalised /recycled in the same way;
does expression alter during development /ageing?

2.1.3. G-proteins and prejunctional «,-adrenoceptors

G-protein-linked receptors have three possible modes of
action in producing prejunctional inhibition: inhibition of
Ca’* channels (N or P/Q), activation of presynaptic K*
channels or direct modulation of components of the vesicle
release apparatus (Miller, 1998). The G-proteins involved
in a ,-adrenoceptor mediated inhibition have been reported
to be N-ethylmaleimide sensitive in a number of tissues
including rat cerebral cortex (Kitamuraand Nomura, 1987),
mouse vas deferens (Kaschube and Brasch, 1990), rabbit
hippocampus (Allgaier et al., 1986), rat tail artery (Weber,
1989), rabbit renal arteries (Rump et al., 1992), mouse
atria (Murphy et a., 1992), rat renal cortex (Browne et al.,
1994) and rat vas deferens (Browne et a., 1994). The
G-proteins involved in a,-adrenoceptor mediated inhibi-
tion have been reported to be pertussis toxin sensitive in
rabbit hippocampus (Allgaier et al., 1986) but pertussis
toxin insensitive in mouse atrium (Musgrave et al., 1987)
and rat vas deferens (Docherty, 1988a; Borton and
Docherty, 1990). However, in cultured rat sympathetic
neurones, noradrenaline is reported both to produce volt-
age dependent, pertussis toxin-sensitive inhibition of N-
type Ca?* channels, involving the By subunit of the
G-protein (Delmas et al., 1998), and to inhibit release by a
pertussis toxin insensitive action which does not involve
altering Ca?* entry via N-type channels (Schwartz, 1997).
a ,-Adrenoceptor inhibition is sensitive to the K* channel
blocker 4-aminopyridine in rat vas deferens (Docherty and
Brady, 1995) and in the hypothalamus (Feuvrier et a.,
1998). These results may suggest two modes of action of
o ,-adrenoceptors in producing prejunctional inhibition,
presumably opening of K* channels and inhibition of
Ca’* channels, but whether each mode is linked to a
particular receptor subtype is unclear.

2.1.4. Effects of ageing on prejunctional «,-adrenoceptor
function

A decreased sensitivity of prejunctional o ,-adrenocep-
tors has been reported in most studies of ageing, and
should result in an increased release of neurotransmitter,
and this coupled with a reported decline in the re-uptake of
norepinephrine (see Docherty, 1990a) with age should
serve to maintain neurotransmission even if postjunctional
responsiveness declines with age. There is an age-related
decline in both prejunctional o« ,- and 5-HT,-receptor re-
sponsiveness in rat vas deferens, and pithed rat (see

Docherty, 1990a), suggesting that the decline in response
occurs at a postreceptor level, either at the level of the
G-protein or beyond. In man, one of the most consistently
reported changes during ageing is an increased plasma
level of noradrenaline (Zeigler et d., 1976) due to an
increased rate of appearance of noradrenaline in the plasma
(MacGilchrist et al., 1989). A decreased function of the
disposition mechanisms for norepinephrine, particularly
the re-uptake process, linked to decrease function of pre-
junctional « ,-adrenoceptors, is a likely explanation of the
increased plasma levels.

2.2. Prgjunctional «,-adrenoceptors

2.2.1. ay-Adrenoceptor mediated inhibition

Following the subclassification of «-adrenoceptors into
a,- and a,- subtypes, it was generaly assumed that
prejunctional a-adrenoceptors were exclusively of the o ,-
subtype. However, Kobinger and Pichler (1980) demon-
strated that the o ,-adrenoceptor selective agonist methox-
amine inhibited the tachycardia to electrical stimulation in
the pithed rat and this inhibition was antagonised by the
o ,-adrenoceptor antagonist prazosin (see also Docherty,
1984). In addition, there are studies of postjunctiona
responses in vitro which support the contention that in-
hibitory prejunctional o ,-adrenoceptors exist in rat ventri-
cle, rat vas deferens, rat kidney, dog heart, rat atria, rat tail
artery, guinea-pig atria and on the cholinergic nerves of rat
gastric fundus (for references, see Docherty, 1989). Admit-
tedly, Rump and Majewski (1987) reported that inhibition
of cyclooxygenase with indomethacin prevented the pre-
junctional inhibitory effects of methoxamine suggesting a
role for prostaglandins, and Shinozuka et al. (1995) found
that the inhibitory effect of methoxamine on noradrenaline
release was blocked by adenosine deaminase and potenti-
ated by the adenosine uptake inhibitor, dipyrisamole, sug-
gesting that the effect involves adenyl purines. These |atter
studies may suggest transsynaptic inhibition by substances
produced postjunctionally by o ;-adrenoceptor stimulation.

There are problems in interpreting the evidence in terms
of inhibitory prejunctional «,-adrenoceptors: different
studies may be examining different phenomena, so that
some studies may be of transsynaptic control, some of
truly prejunctional o, -inhibitory adrenoceptors; some of
o ,-adrenoceptor subtypes which have high affinity for
prazosin.

2.2.2. ay-Adrenoceptor mediated facilitation
a,-Adrenoceptor agonists have been reported to facili-
tate release of acetylcholine in rat heart (Bognar et al.,
1990), parasympathetic ganglia of cat urinary bladder
(Keast et al., 1990) and rat bladder (Yoshimura and de
Groat, 1992). These « ;-adrenoceptors may be on the soma
of bladder parasympathetic neurones and mediate a slow
postsynaptic depolarisation (de Groat and Booth, 1980;
Yoshimura and de Groat, 1992). The «,-adrenoceptor
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agonists methoxamine and phenylephrine are also reported
to facilitate release of acetylcholine, in cholinergic nerve
terminals of rat bladder (Somogyi et a., 1995). In rat
cortical synaptosomes, phenylephrine increased the basa
release of noradrenaline and this action was blocked by
prazosin (Pastor et al., 1996). Phenylephrine also increased
the basal release of noradrenaline in rat urinary bladder,
and this action was blocked by the noradrenaline uptake
blocker desipramine (Somogyi et a., 1995). The «;-
adrenoceptor mediated facilitation occurs in the same
nerves as a,-adrenoceptor mediated inhibition (Keast et
al., 1990), and by analogy with muscarinic facilitation,
may involve protein kinase C (Somogyi et al., 1996).
Facilitation of rat spinal motoneuron activity is reported to
be mediated by « ,,-adrenoceptors (Wada et a., 1997).

3. Postjunctional «-adrenoceptors
3.1. Postjunctional «,-adrenoceptors

3.1.1. «,-Adrenoceptor subtypes

a,-Adrenoceptors were initially subdivided into o,
and a 5-subtypes in ligand binding studies, based on the
affinities of a series of ligands, especialy WB 4101 and
prazosin (Morrow and Creese, 1986), and based on the
ability of the alkylating agent chloroethylclonidine to inac-
tivate the o,z but not the o, subtype (Han et al., 1987).
Under this classification, functional receptors mediating
contractions of rat vas deferens are «,,, and those of rat
spleen (excluding o ,-adrenoceptors) are o,z (Han et al.,
1987).

Molecular cloning techniques revealed initially four
subtypes of « ,-adrenoceptor (see Bylund et al., 1994). The
a y,-adrenoceptor subtype (the lower case subscript being
used for recombinant receptors, and upper case subscript
for pharmacologically defined receptor subtypes) was the
first to be cloned, from the hamster (Cotecchia et d.,
1988), and this clone expressed a protein with the radioli-
gand binding properties of the «,z-adrenoceptor. Other
clones were the rat «,, (Lomasney et al., 1991), the
bovine a ;. (Schwinn et al., 1990) and rat o, (Perez et a.,
1991). However, the o, and o,y clones showed 99.8%
homogeneity and appeared to represent the same subtype.
It is now clear that the o ,,/0 ;4 Clone represents a novel
subtype of «;-adrenoceptor («,p), whereas the a . is now
identified with the a,,-ligand binding site. These clones
have now been renamed to match the functional receptors:
o, (formerly oy, aqg (formerly o), and o, (formerly
a1,/ qq) (see Table 1).

A major stimulus towards the development of new
o ,-adrenoceptor drugs has been to treat the condition of
benign prostatic hypertrophy, which affects a large propor-
tion of elderly men, causing problems with micturition due
to outflow obstruction. The outflow obstruction consists of
a static component due to compression of the urethra by

the enlarged prostate, and a dynamic component due to
sympathetic contraction of the smooth muscle of the blad-
der neck, prostate and urethra, mediated by o ,-adrenocep-
tors. The dynamic component may contribute nearly 50%
of the total urethral obstruction (as judged by the effects of
spinal anaesthesia; Furuya et al., 1982), leading to the use
of initially non-selective «-adrenoceptor antagonists
(Caine, 1986). New o ,-adrenoceptor antagonists were de-
veloped for effects in the lower urinary tract (e.g., alfu-
zosin; Lefevre-Borg et al., 1993), and the receptors in-
volved were identified as «,,-adrenoceptors. However,
some antagonists which were selective for a4, -adrenocep-
tors in ligand binding studies had low potencies in func-
tional studies of the lower urinary tract, e.g., RS 17053
( N-[2-(2-cyclopropylmethoxyphenoxy)ethyl]-5-chloro-a,
a-dimethyl-1H-indol e-3-ethanamine hydrochloride; Ford et
al., 1996; Kenny et a., 1996), SB 216469 ( N-[3-[4-(2-me-
thoxypheny!)- 1-piperazinyl]propyl]-3-methyl-4-oxo-2-phe-
nyl-4H-1-benzopropyran-8-carboxamide monoymethane-
sulphonate; Chess-Williams et al., 1996). These studies
brought the study of «,,-adrenoceptors into contact with
parallel studies on «,, -adrenoceptors.

3.1.2. o, -Adrenoceptors

One of the earliest functional subclassifications of ;-
adrenoceptors was into o, and «, , with high and low
affinity for prazosin (see Flavahan and Vanhoutte, 1986),
although it has been pointed out that prazosin has a wide
range of affinities for «,-adrenoceptors in functiona stud-
ies (Drew, 1985; Docherty, 1989). This was further devel-
oped by Muramatsu et a. «,-Adrenoceptors in blood
vessels were subdivided into three subtypes, a4, a4y and
o, , based on their affinities for prazosin, WB 4101 and
HV 723 (Muramatsu et a., 1990). «,,-Adrenoceptors
have high affinity for prazosin, and appear to match the
A, O, 0gp Classes (Muramatsu et a., 1995), whereas
a, and o, have low affinity for prazosin and do not
seem to match current molecular cloning based classifica-
tions. Under this classification, and often based on the low
potency of prazosin, rabbit aorta, mesenteric and carotid
arteries (Muramatsu et al., 1990), guinea-pig aorta, human
prostate (Muramatsu et al., 1995), rat anococcygeus mus-
cle (Ford et al., 1993), rabbit bladder neck (Kava et al.,
1998), rabbit cutaneous resistance arteries (predominant
adrenoceptor is a5 Smith et al., 1997), and rat small
mesenteric artery (Van der Graaf et al., 1996) are reported
to contain «, -adrenoceptors. Rat vas deferens is reported
to contain o, in addition to o, ,, mediating contraction to
both exogenous and endogenous noradrenaline (Ohmura et
a., 1992).

We have studied contractile responses of epididymal
portions of rat vas deferens to noradrenaline and to electri-
cal stimulation. The contraction to noradrenaline is pre-
dominantly «,,-adrenoceptor mediated as demonstrated
by the very significant correlation with «,,-adrenoceptor
ligand binding sites (Docherty, 1998; see Fig. 4). In con-



Table 1

Summary of o ;-adrenoceptor subtype characteristics

Receptor subtype

1A

1B

1D

1L

Functional responses

Rat vas deferens contraction;
control of blood pressure

Rat spleen contraction;
control of blood pressure;

Rolein rat aorta contraction;

Human prostate contraction;
rat vas deferens contraction

roleinrat tail artery contraction

Ligand binding assay Rat submandibular gland Rat spleen
(other than transfected)
Selective agonists Oxymetazoline; A61603
Selective antagonists RS 17053, SB216469 BMY 7378 low potency of RS17053;
low potency of SB216469
Sensitivity to other agents Very sensitiveto CEC
Second messenger systems Ggy, 11, PI turnover Ggy 11, P! turnover Gy /11, PI turnover
Notes Also o ,-component to spleen contraction; No gene identified; similaritiesto o ;5

CEC aso affects other subtypes

Abbreviations (other than those explained in the main text): A 61603 (N-[5-(4,5-dihydro-1H-imidazol-2yl)-2-hydroxy-5,6,7,8-tetrahydronaphthal en-1-yl]-methanesulfonamide); BMY 7378: (8-[2-(4-(2-
methoxyphenyl) piperazin-1-yl)ethyl]-8-azaspiro[4,5]decane-7,9-dione); CEC (chloroethylclonidine); PI: phosphoinositol.

Table 2
Summary of «,-adrenoceptor subtype characteristics
Receptor subtype 2A /2D 2B 2C

Functional responses Prejunctional inhibition in most adrenergic nerves;

pressor responses in pithed rat; central hypotensive action

Pressor responses in anaesthetised mouse Contraction of human saphenous vein;

prejunctional inhibition in human and rat atria

Ligand binding assay Human platelet (2A); rat submandibular gland (2D) Rat kidney Opossum kidney (OK) cell line
(other than transfected)

Selective agonists Oxymetazoline

Selective antagonists BRL 44408 ARC239, prazosin ARC239, prazosin

G, /G,: decrease CAMP, inhibit Ca* channel (prej.),
open K* channels (prej.)

Second messenger systems G, /G,: decrease cAMP G, /G,: decrease CAMP,
inhibit C&?* channel (prej.),
open K* channels (prej.)

notes 2A in man/rabbit; 2D in rat /mouse

prej: Prejunctional.

ST—T (866T) T9E ABojooewreyd Jo feulnor uesdoung /Aleyood dT



J.R. Docherty / European Journal of Pharmacology 361 (1998) 1-15 7

10 1
)
9 1 )
NA: r=0.93, n=6, P<0.01 ./
1 O
8 °7
—s (]
g7 > °
o | [o)
7]
'E 6 nerve response: r=0.00, n=6, ns
o
S 4
c
] 5 lo)
4 T T T T 1
6 7 8 9

antagonist pKi at o.1A-adrenoceptors

Fig. 4. Correlation between antagonist affinity for o,-ligand binding
sites (data from Goetz et al., 1995; Marshall et al., 1995) and antagonist
postjunctional potency in functional studies of rat vas deferens (antagonists
employed: prazosin, WB 4101, 5-methylurapidil, benoxathian, BMY
7378, RS 17053; Docherty, 1998). There was significant correlation
between affinity (pK;) for «,,-adrenoceptors and antagonist potency
(pKpg) against contractions to exogenous noradrenaline (filled symbols;
r=0.93, n=6, P <0.01). There was no correlation between antagonist
affinity for a1, -adrenoceptors and antagonist potency (1Cs,) at inhibiting
nerve-evoked contractions (open symbols; r = 0.00, n=6, ns), so that
this response is not o ;4 -adrenoceptor mediated and may be a4 -like.

trast antagonist potency (ICg,) for inhibition of the con-
tractile response to electrical stimulation in epididymal
portions (in the presence of nifedipine 10 wM) did not
correlate with any «;-adrenoceptor ligand binding site (see
Fig. 4).

Genetic polymorphism of «,,-adrenoceptors does not
explain o, -adrenoceptors, since all variants have been
found to have similar pharmacological characteristics
(Shibata et a., 1996). The « ,,-adrenoceptor, expressed in
the Chinese hamster ovary CHO-K1 cell line, displayed
binding properties of the «,,-adrenoceptor but function-
aly, in terms of inositol phosphate accumulation, the
receptor displayed properties of the « ;, -adrenoceptor (Ford
et al., 1997). Hence, presumably due to factors determined
by the methodology employed, and perhaps due to envi-
ronmental differences around the receptor, the same recep-
tor can show characteristics of both «,,- and o, -adrenoc-
eptors: hence a;, and o;; may be different affinity /con-
formational states of the «,,-adrenoceptor. This is not
simply a difference between lipophilic and non-lipophilic
ligands in comparisons between membrane preparations
and intact cells, since highly lipophilic ligands differed in
their ability to discriminate between o;,- and o, -adren-
oceptors (Ford et al., 1997). However, a;,- and oy, -
adrenoceptors can be demonstrated under virtually identi-
cd conditions in functional contractile studies (cf. results
from rat vas deferensin Fig. 4).

3.1.3. Responses mediated by «, ,-adrenoceptors

Contractions are reported to be mediated at least partly
by «,,-adrenoceptors in a number of tissues including rat
vas deferens (Burt et al., 1995; Noble et al., 1997; Burt et
al., 1998), rat renal artery (also a,p, Villalobos-Molina et
a., 1997), rat tail artery (Villalobos-Molina and Ibarra,
1996; Lachnitt et al., 1997, including a second subtype),
rat right atrium (positive inotropic actions, also az; Yu
and Han, 1994), rabbit ear artery (also second subtype,
Fagura et al., 1997), human vas deferens (Furukawa et al.,
1995; Moriyama et a., 1997), and human prostate
(Marshall et al., 1995; also a5, Teng et al., 1994; but see
above). In rat vas deferens o, -adrenoceptors mediate two
types of response: phasic due to release of Ca?* from
ryanodine sensitive stores, and tonic via protein kinase C
by diacylglycerol and influx of Ca2* via nifedipine sensi-
tive stores (Burt et al., 1998).

A61603 is an «,,-adrenoceptor selective agonist, re-
ported to be 200 times more potent than noradrenaline at
causing contractions of rat vas deferens (Knepper et 4.,
1995).

3.1.4. Responses mediated by «,g-adrenoceptors

Contractions are reported to be mediated at least partly
by o ,5-adrenoceptors in a number of tissues including rat
spleen (Burt et al., 1995; Noble et al., 1997), mouse spleen
(Eltze, 1996a), rat right atrium (positive inotropic, also
a 50 Yuand Han, 1994), rabbit corpus cavernosum (Noble
et al., 1997), rabbit cutaneous resistance arteries (also o ,
Smith et al., 1997), human prostate (also « 1., Teng et al.,
1994).

Risperidone was suggested to be an «,5-adrenoceptor
selective antagonist in ligand binding studies (Sleight et
al., 1993); however, this selectivity has been questioned in
functional studies (Eltze, 1996h).

3.1.5. Responses mediated by «,y-adrenoceptors
Contractions are reported to be mediated at least partly
by o,p-adrenoceptors in a number of tissues including rat
aorta, mesenteric artery and pulmonary artery (predomi-
nantly a,n, but receptor heterogeneity, Hussain and Mar-
shall, 1997), rat renal artery (also «,,; Villaobos-Molina
et al., 1997), rat carotid artery, mesenteric artery, aorta
(Villalobos-Molina and Ibarra, 1996), rabbit aorta (also
possibly «,,: Fagura et al., 1997), and rabbit ventricle
(also other subtypes, Yang and Endoh, 1997). In contrast,
o, are reported to be involved in contractions of rat
aorta, and iliac artery, but not in caudal, mesenteric or
rena arteries (Piascik et d., 1995). BMY 7378 is a selec-
tive antagonist at o ,y-adrenoceptors (Goetz et al., 1995).
Clearly, contractions in a humber of tissues are medi-
ated by more than one subtype of «,-adrenoceptor (e.g.,
rat aorta, see Aboud and Docherty, 1993; Van der Graaf et
al., 1996; Hussain and Marshal, 1997), and currently
available subtype selective antagonists are often not selec-
tive enough to tease out clearly which receptors are pre-
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sent. Receptor knock-out studies in mice may help. For
instance, contractionsin rat tail artery develop more slowly
in az-adrenoceptor knock-out mice (Daly et al., 1998), so
that subtle differences can be revealed following receptor
knock-out.

3.1.6. Chloroethylclonidine and «;-adrenoceptors

Chloroethylclonidine has been used to identify subtypes
of «,-adrenoceptor, due to its actions to alkylate o qg-
adrenoceptors, but chloroethylclonidine interacts with all
subtypes of «,-adrenoceptor (Michel et al., 1993), and
with o ,-adrenoceptors (Michel et al., 1993; O’ Rourke et
al., 1997). Chloroethylclonidine has two actions on rat
aorta: reduction of the contraction to low concentrations of
noradrenaline by «,-adrenoceptor antagonism, and irre-
versible partial agonism in combination with high concen-
trations of noradrenaline (O’ Rourke et al., 1995, 1997). In
the absence of chloroethylclonidine, exposure to phenoxy-
benzamine virtually abolished contractions to subsequent
noradrenaline. However, when tissues were exposed to
chloroethylclonidine prior to exposure to phenoxybenza-
mine, a large contraction was produced by subsequent
noradrenaline (O’ Rourke et a., 1997). Receptor protection
with the «,-adrenoceptor antagonists yohimbine or
methoxyidazoxan, but not the o ;-adrenoceptor antagonist
prazosin, significantly reduced the ability of chloroethyl-
clonidine to prevent the actions of phenoxybenzamine
against noradrenaline. These results suggest that chloroeth-
ylclonidine interacts as a silent irreversible agonist with
o ,-adrenoceptors in rat aorta to make contractions to
subsequent noradrenaline resistant to «-adrenoceptor
blockade.

3.1.7. Postjunctional «;-adrenoceptor second messenger
systems

a,-Adrenoceptors are coupled to a wide variety of
second messenger systems via G-proteins, predominantly
to pertussis toxin insensitive G-proteins of the G ,;;, fam-
ily to phospholipase C (Minneman, 1988; Wu et a., 1992),
but is aso linked through pertussis sensitive G-proteins of
the G, or G, family to phospholipase A2 (Exton, 1996).
Activation of all «;-adrenoceptor subtypes results via
phospholipase C in formation of inositol triphosphate and
diacylglycerol. Diacylglycerol stimulates protein kinase C
and inositol triphosphate acts on the inositol triphosphate
receptor in endoplasmic reticulum to release stored cal-
cium: the net result is increased entry of extracellular Ca2™*
and/or release from Ca?* stores (Minneman, 1988; Wu et
a., 1992). «,-Adrenoceptor activation causes phospholi-
pase A, stimulation and arachidonic acid release in the
mammalian COS cell line (Perez et al., 1993), causes
arachidonic acid release by phospholipase D activation in
rat tail artery (Gu et al., 1992) and rat fibroblasts (Ruan et
al., 1998), and can lead to cAMP production (Perez et 4.,
1993; Ruan et al., 1998). Other reported «,-adrenoceptor
actions involve stimulation of the Na*™—K*—Cl~ cotrans-

port and a chloride pump to increase [Cl]; and shift E, to
potentiate depolarisation caused by noradrenaine in rat
femoral artery (Davis et d., 1997); arachidonic acid re-
lease and reactive oxygen species generation causing
smooth muscle proliferation (Nishio and Watanabe, 1997);
regulation of gene expression (Mark et al., 1990).

3.2. Postjunctional «,-adrenoceptors

3.2.1. Postjunctional «,-adrenoceptors in vivo

a ,-Adrenoceptors occur on vascular smooth muscle and
mediate vasoconstrictor responses in the pithed rat prepara-
tion (Drew and Whiting, 1979; Docherty et a., 1979;
Docherty and McGrath, 1980). More recently, the subtypes
of «,-adrenoceptor involved in these pressor responses
have been investigated. The correlation between the func-
tional postjunctional o ,-adrenoceptor in the pithed rat was
closest with the a ,5-adrenoceptor ligand binding site of
submandibular gland (r = 0.91) than with the rat kidney
o ,g-adrenoceptor (r = 0.77), and the correlation with the
o ,c-adrenoceptor subtype was relatively poor (r =0.71,
unpublished) (Gavin and Docherty, 1996). This suggests
that the predominant receptor mediating pressor responses
in the pithed rat is the a,5-adrenoceptor, although other
subtypes, especially the o ,g-adrenoceptor, may also be
involved.

Studies of « ,-adrenoceptors in knock-out mice do not
necessarily disagree with these findings. In conscious mice
lacking the «,, ,p-adrenoceptor, central hypotensive ac-
tions of o ,-adrenoceptor agonists were absent (MacMillan
et a., 1996), but in mice lacking the o ,;-adrenoceptor
peripheral hypertensive actions of « ,-adrenoceptor ago-
nists were absent (Link et al., 1996). However, it may be
that o, ,p adrenoceptors mediate both central hypoten-
sion and peripheral hypertension, but the central actions
dominate in conscious animals. Our results do not rule out
the involvement of « ,5-adrenoceptors in pressor responses
in pithed rats, but suggest that «,, ,, are predominant.

3.2.2. Postjunctional «,-adrenoceptors in isolated tissues

In terms of postjunctional « ,-adrenoceptors in isolated
tissues, there is relatively little evidence available as to
subtypes mediating vascular contractions, given the rela-
tively few preparations in which these receptors can be
demonstrated in isolation. The human saphenous vein is a
preparation in which postjunctional o ,-adrenoceptors are
the dominant adrenoceptors mediating contraction. In our
studies of side branches of the human saphenous vein, the
postjunctional «-adrenoceptors appear to be a homoge-
neous population of «,-adrenoceptors with no evidence
for o,-adrenoceptors. yohimbine was approximately 10
times more potent than prazosin; both yohimbine and
prazosin produce parallel shifts in the noradrenaline con-
centration—response curve (see Smith et al., 1992b); potent
o ,-adrenoceptor antagonists such as HV 723 (see Mura-
matsu et al., 1990) have relatively low potency; the o;-
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adrenoceptor selective agonist phenylephrine had low po-
tency; prazosin antagonised contractions to phenylephrine
and noradrenaline to the same extent; the o ,-adrenoceptor
selective agonist oxymetazoline had relatively high po-
tency (see Gavin et al., 1997). Other authors have investi-
gated the postjunctional «-adrenoceptors of human saphe-
nous vein and found that contractions are mediated pre-
dominantly by «,-adrenoceptors (Muller-Schweinitzer,
1984; Steen et a., 1984), or by a combination of «,- and
a ,-adrenoceptors (Eskinder et al., 1988; Roberts et al.,
1992). Differences between studies may be due to differ-
ences in source of veins: varicose vein surgery of predomi-
nantly female patients (present results and Muller-
Schweinitzer, 1984; Steen et a., 1984); coronary artery
bypass surgery of (presumably) predominantly male pa-
tients (Eskinder et al., 1988; Roberts et a., 1992), side
branches of varicose veins from predominantly female
patients (author’s studies).

We have previously investigated the postjunctiona o ,-
adrenoceptor mediating contraction of the human saphe-
nous vein and found that it does not resemble the o -
adrenoceptor of human platelet (Smith et al., 1992b), and
now find that it closely resembles the o ,--adrenoceptor
(Gavin et al., 1997). In the porcine palmer lateral vein and
common digital artery a low potency of prazosin suggests
the presence of an a,, p-adrenoceptor (Blaylock and
Wilson, 1995), and an « ,, ,p-adrenoceptor has also been
reported in dog saphenous vein (Hicks et al., 1991,
MacLennan et al., 1997). In a number of tissues, a ,-adren-
oceptors contribute to a predominantly «,-adrenoceptor
mediated response. In rat cremaster arterioles and venules,
part of the contractile response is o ,-adrenoceptor medi-
ated, and based on the potency of BRL 44408, responses
seem to be mediated by «,y-adrenoceptors (Leech and
Faber, 1996). Studies of o ,-adrenoceptors in the rat tail
artery (Xiao and Rand, 1989), tail vasculature (Redfern et
al., 1995) and rabbit corpus cavernosum smooth muscle
(Gupta et al., 1998; see aso Andersson and Wagner, 1995)
did not investigate the subtype involved. o ,-Adrenoceptors
are a'so reported to enhance the effects of « ,-adrenoceptor
agonists in guinea-pig cauda epididymis (Haynes and Hill,
1996), and in mouse vas deferens (Bultmann et al., 1991).
a5 p-Adrenoceptors are present postjunctionaly in rat
pancreatic islets where they mediate inhibition of insulin
secretion (Niddam et al., 1990).

3.2.3. Postjunctional «,-adrenoceptor second messenger
systems

It has long been known that o ,-adrenoceptors nega-
tively couple to adenylate cyclase viaa G; protein suscep-
tible to pertussis toxin, but whether this action is the main
mode of action in producing vascular contractions is debat-
able. Certainly, o ,-adrenoceptor agonists enhance contrac-
tions to «o,-adrenoceptor agonists in guinea-pig cauda
epididymis, an effect that is not by enhancement of inositol
phosphate accumulation, but may be by inhibition of

forskolin-stimulated cAMP accumulation (Haynes and Hill,
1996). A component of the a-adrenoceptor mediated con-
traction of rabbit corpus cavernosum smooth muscle is
o ,-adrenoceptor mediated, and o ,-adrenoceptor agonists
inhibit forskolin stimulated CAMP accumulation in these
cells (Gupta et al., 1998). In the guinea-pig uterus, o ,-
adrenoceptor agonism enhances contractions to o -
adrenoceptor agonists, and inhibits forskolin stimulation
CcAMP accumulation (Haynes et al., 1993). « ,-Adrenocep-
tor mediated pressor responses are sensitive to pertussis
toxin (Boyer et al., 1983; Docherty, 1990b), suggesting the
involvement of a G; or G, protein. Admittedly, pressor
responses to a ,-adrenoceptor agonists in the pithed rat are
strongly dependent on angiotensin |1, as shown by the
actions of captopril (Docherty, 1988b). However, in porcine
pamer lateral vein, Wright et a. (1995) found that o ,-
adrenoceptor contractions are not mediated by reduction in
CAMP per se, but when cAMP levels are elevated by
agents which stimulate adenylate cyclase, o ,-adrenocep-
tors can act to inhibit cAMP production. In human subcu-
taneous resistance vessels, o ,-adrenoceptor contractions
involve an influx of Ca2*, probably through voltage oper-
ated Ca®* channels, involving a pertussis toxin sensitive
G-protein (Parkinson and Hughes, 1995). Unlike «-
adrenoceptors, o ,-adrenoceptors are not coupled to phos-
pholipase C, but may be linked to phospholipase A, in
some cell types, athough this does not seem to be the
mode of action in resistance vessels (Parkinson and Hughes,
1995).

3.2.4. a,-Adrenoceptor subtype selective drugs

SKF 104078 (6-chloro-9-[(3-methyl-2-butenyl)oxyl]-3-
methyl-1H-2,3,4,5-tetrahydro-3-benzazepine) was sug-
gested to be a postjunctionally selective antagonist, block-
ing postjunctional o ,-adrenoceptors, leaving prejunctional
o ,-adrenoceptors functioning (Ruffolo et al., 1987), but
SKF 104078 is reported to have prejunctional antagonist
actions in rat vas deferens, human saphenous vein, pithed
rat heart and guinea-pig atrium in the same concentration-
range as it blocked postjunctional « ,-adrenoceptors (Con-
naughton and Docherty, 1988, 1990; Oriowo et a., 1991;
Akers et al., 1991; Molderings and Gothert, 1995). Ligand
binding studies do not support the contention that SK
104078 is selective, as it binds with relatively high affinity
t0 a s ,p-adrenoceptors as well as a5 and o, (Svensson
et a., 1996).

BRL 44408 is a potent selective antagonist a o, ,p-
adrenoceptors, both in ligand binding and functional stud-
ies (Young et a., 1989; Gavin et al., 1997). A number of
antagonists show low potency at o, p-adrenoceptors,
including prazosin and ARC239 (see Ho €t a., 1998).

A selective a ,p-adrenoceptor agonist may have benefits
over non-selective agonists by acting centrally to lower
blood pressure with diminished peripheral pressor effects
(see Link et d., 1996; MacMillan et al., 1996). In terms of
antagonists, an « ,5-adrenoceptor antagonist may have ad-
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vantages in blocking postjunctional «,g without affecting
prejunctional oy, athough a,, may aso be of impor-
tance in blood pressure control.

4. Postjunctional a-adrenoceptors and ageing

Responsiveness of vascular o ;-adrenoceptors has been
widely studied in relation to ageing; however, most studies
have failed to find any change with age in contractile
responses of isolated blood vessels or in pressor responses
to agonists. Contractile responses to « ;-adrenoceptor ago-
nists may be influenced by atered function of the vascular
endothelium so that an increased responsiveness to o;-
adrenoceptor agonists of rat tail artery with age can be
explained by diminished vasodilator function of the vascu-
lar endothelium (Tabernero and Vila, 1995).

The pressor potency of the o ,-adrenoceptor agonist
xylazine is reduced by ageing in the rat (Docherty, 1988b).
However, this age-related difference in the pressor potency
of xylazine is abolished by the angiotensin converting
enzyme inhibitor captopril, suggesting that an age-related
decline in angiotensin levels (or responsiveness) causes the
change in «,-responsiveness. In human saphenous veins
obtained from varicose vein surgery of predominantly
female patients, a significant age-related negative correla-
tion between noradrenaline potency and age has been
reported (Docherty, 1993), suggesting that the ability of
these veins to respond to sympathetic stimulation is de-
creased by age and that this may contribute to postural
hypotension in the elderly. However, the ability of o,-
adrenoceptor agonists to potentiate o ;-adrenoceptor medi-
ated contractions is unchanged by age in rat tal artery
(Tsai et al., 1993). Age may differentialy affect «,- and
o ,-adrenoceptor subtypes.

5. Physiological responses mediated by
a-adrenoceptors

5.1. Physiological responses mediated by
a,-adrenoceptors

Piascik et al. (1990) reported that the «,,-subtype
played arole in the tonic maintenance of blood pressure in
the conscious rat, whereas the o ,5-subtype participates in
the response to exogenous agonists. In knock-out mice
lacking the «,5-adrenoceptor subtype, there was no effect
on basal blood pressure, but the pressor response to
phenylephrine were significantly blunted (Cavalli et a.,
1997). These results may suggest that both «,,- and
o ,5.adrenoceptors are involved in blood pressure control,
and further studies may lead to more selective o ;-adrenoc-

eptor antagonists as antihypertensives, avoiding side ef-
fects such as postural hypotension?

5.2. Physiological responses mediated by
a,-adrenoceptors

As has been elegantly shown using knock-out mice,
o, -adrenoceptors are involved in the central hypotensive
actions of o ,-adrenoceptor agonists whereas o ,5-adrenoc-
eptors are involved in the peripheral pressor responses
(MacMillan et a., 1996; Link et a., 1996). There were no
haemodynamic effects produced by disruption of the o .-
adrenoceptor (Link et al., 1996). These effects are systemic
cardiovascular effects and do not allow for subtle effects
on different vascular beds, nor do they prove categorically
that the «,, ,p-subtype has purely central actions or that
the a ,5-subtype is the only mediator of pressor responses.
Clearly, there is a need for more detailed studies of
knock-out mice to answer these questions.

In wild type mice, the «,-adrenoceptor agonist
dexmedetomidine produces antinociceptive (Stone et al.,
1997), sedative and hypothermic actions, which were ab-
sent in a,, mutant mice, but effects of dexmedetomidine
were relatively unaffected in a5 Or a,c knockout mice
(Hunter et al., 1997). The a,-mutant mice had dimin-
ished morphine analgesic potency (Stone et al., 1997).
However, other knock-out studies suggest that the o .-
adrenoceptor is also involved in the hypothermic actions of
a,-agonists (Sallinen et al., 1997). The antinociceptive
actions of «,-agonists involve G, and particularly G5
(Raffa et al., 1996).

6. Conclusion

The characteristics of o;- and o ,-adrenoceptor sub-
types are summarised in Tables 1 and 2. Although a great
deal is known about the function of «-adrenoceptor sub-
types, a number of major questions remain to be answered:
the identity of the o, -response; the second messengers
involved in a significant number of responses; therapeutic
potential of the development of receptor subtype selective
agonists and antagonists. Mutant mice, in which receptor
genes have been manipulated preventing expression, or
causing overexpression, of a receptor protein, will be
powerful tools in future studies of the physiological func-
tion of «-adrenoceptor subtypes.
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