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INTRODUCTION

Norepinephrine (NE) and epinephrine (EPI) are important neurotransmitters
and hormones in the periphery and in the central nervous system (CNS).
NE is released from postganglionic sympathetic nerves, and both NE and
EPI are secreted from the adrenal medulla. NE and EPI play key roles in
controlling cardiovascular function, airway reactivity, energy metabolism,
and other processes. The adrenergic receptors (ARs) through which these
compounds act are targets for many therapeutically important drugs, includ-
ing those for cardiovascular diseases, asthma, prostatic hypertrophy, and
nasal congestion.

In 1948, pharmacological studies in isolated tissues led Ahlquist to propose
distinct a- and B-AR subtypes (1). The existence of 3;- and B,-AR subtypes
was first recognized in 1967 (2), and two different a-AR subtypes (o; and
ay) were discovered in the 1970s (3). In the late 1980s, the development
of more selective drugs and the use of molecular cloning technology resulted
in the surprising realization that ARs had substantially more subtypes than
previously suspected (4-8). Nine different subtypes have now been cloned
and pharmacologically characterized, and additional subtypes may still be
identified.

Three main AR families (a;, o, and B) each contain at least three distinct
but closely related subtypes. These families are subdivided according to
sequence homology, drug specificity, and mechanism of signal transduction.
Subtypes within a family have about 70-75% sequence homology, and the
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sequence homology between families is about 40% (4, 8). Each family has
a characteristic pharmacological profile, although the drug specificities for
subtypes within each family also differ. All members within a particular
family appear to activate the same, or similar, signal transduction mecha-
nisms. Each subtype is a product of a separate gene and has a unique drug
specificity and tissue distribution. The existence of so many subtypes
suggests that additional highly selective drugs with possible therapeutic
advantages could be developed.

This review focuses on a;-AR subtypes and summarizes what is known
about the number, properties, and signaling mechanisms of these receptors.
a;-ARs play a dominant role in control of smooth muscle contraction and
are important in control of blood pressure, nasal congestion, prostate
function, muscle growth, and other processes (5-7). As such, the number
of a1 -AR subtypes and the drug specificities of each subtype are of particular
therapeutic interest. However, the number of o;-AR subtypes remains
controversial. As discussed below, two subtypes can be clearly distinguished
pharmacologically (7), while three cDNAs have been cloned (8). The
relationship between the pharmacologically defined receptors and the cDNA
clones is still confusing.

PHARMACOLOGICAL CHARACTERIZATION

In the mid 1980s, converging lines of evidence strongly supported the
existence of two pharmacologically distinct «;-AR subtypes (7). Morrow
& Creese (9) were the first to observe pharmacological heterogeneity among
a;-AR binding sites in rat brain membranes. Analysis of inhibition curves
for the competitive antagonists WB 4101 and phentolamine showed that the
competition for 3H-prazosin binding sites was unexpectedly complex. Other
competitive antagonists did not exhibit such complexity, and this observation
suggested the presence of two different affinity states that represented
pharmacologically distinct & ;-AR subtypes. Morrow & Creese (9) suggested
that these subtypes be called a;5- and o;g-ARs. Researchers working
independently of Morrow & Creese found that the site-directed alkylating
agent chloroethylclonidine (CEC) inactivated only about half of the o;-AR
binding sites in membranes from rat cerebral cortex (10, 11). This result
contrasted with those for other site-directed alkylating agents such as
phenoxybenzamine and benextramine, which inactivated all a;-AR binding
sites in a monophasic manner. An examination of different tissues revealed
two populations of a;-AR binding sites and responses. Some were potently
and completely inactivated by CEC (CEC-sensitive), and others were com-
pletely resistant to CEC-pretreatment (CEC-insensitive) (11). Later studies
showed that CEC and WB 4101 appeared to be distinguishing the same
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subpopulations of binding sites (12). The site with a high affinity for the
competitive antagonist WB 4101 and its congeners (o) correlated with
the CEC-insensitive sites, while the binding sites with a low affinity for
WB 4101 (o,;5) correlated with the CEC-sensitive sites. Functional studies
on contraction of isolated smooth muscles showed a similar correlation
between a low affinity for WB 4101 and a sensitivity to CEC inactivation
(11), thus providing evidence that these different binding sites were actually
functional receptor subtypes.

The existence of two pharmacologically distinct o;-AR subtypes is now
widely accepted, and other more highly selective drugs have been identified
that distinguish between these subtypes. Substantial evidence suggests that
a;4-ARs have a 20- to 100-fold higher affinity for the competitive antagonists
5-methylurapidil (13, 14), (4)-niguldipine (15), WB 4101 (9, 12), and
benoxathian (16) than do a;g-ARs. As yet, no competitive antagonists have
been reported that have substantial selectivity for the a5 subtype. However,
o;p-ARs are highly sensitive to inactivation by the site-directed alkylating
agent CEC. CEC binds equally well to both a;s- and a,;5-ARs, but it does
not inactivate the o, subtype (10~12). Presumably the o, subtype lacks
the appropriate reactive group for covalent attachment of CEC.

MOLECULAR CLONING

Three o;-AR cDNA clones have been isolated, but their relationship to the
pharmacologically defined o 5- and a;p-AR subtypes remains controversial.

aiB-Adrenergic Receptor

The first a;-AR cDNA clone was isolated from a hamster smooth muscle
DDT,-MF, cell library (17). This clone encoded a protein of 515 amino
acid residues, which was predicted by hydropathy analysis to have the 7
membrane-spanning domains typical of a G protein-linked receptor. Ex-
pression of this clone in COS-7 cells resulted in a receptor with a drug
specificity similar to that of the native o subtype (17), which stimulated
inositol phosphate formation when activated. Northern analysis showed the
mRNA for this clone had a tissue distribution similar to that predicted for
the a;g-AR (17). Investigators now generally agree that this cDNA encodes
the hamster a5 subtype and rat (18, 19), dog (20), and human (21) homologs
have been isolated.

aiCc-Adrenergic Receptor

An additional cDNA that encoded a 466-residue polypeptide was isolated
from a bovine brain library (22). This clone was homologous to the hamster
a;g clone (72% in the membrane spanning regions) but was localized to a
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different human chromosome. Expression of this cDNA resulted in a novel
subtype with a unique drug specificity that had a relatively high affinity for
o 5-selective drugs but was sensitive to inactivation by CEC. Interestingly,
mRNA for this clone showed an extremely restricted distribution and was
found in detectable quantities in only human hippocampus and rabbit liver
(22). Based on its unique pharmacology and very limited tissue distribution,
researchers concluded that this clone encoded a novel subtype, which was
designated o (22).

a1A/D-Adrenergic Receptor

Lomasney et al (19) cloned a third a-AR by using homology screening
from a rat cerebral cortex library. This clone, which encoded a protein of
560 amino acids (and was 73% identical to the hamster a;g clone in
membrane-spanning domains), was assumed to encode the a;, subtype.
This conclusion was based mainly on the distribution of mRNA for this
clone in rat tissues, although the relatively high potency of WB 4101 at
the expressed receptor supported this classification as well. However,
oxymetazoline, which is known to be o, selective, had a low affinity for
the receptor encoded by this clone (19), and (in contrast to the natively
expressed a;,) the expressed receptor was partially CEC-sensitive. Perez et
al (23) isolated an essentially identical clone from a rat hippocampal library
that differed in only

al (19). They performed a more extensive pharmacological analysis of the
properties of the expressed receptor and found that the affinities of (+)nigul-
dipine and 5-methylurapidil for the receptor expressed by this clone were
more than 100-fold lower than expected for the native o, subtype, which
meant they were more similar to those expected for the native a5 subtype
(23). In addition, mRNA for this subtype is found in rat spleen, which is
known from pharmacological experiments to express only a;g-like receptors.
Perez et al (23) concluded that this was another novel clone (with mainly
oy g-like pharmacology) and called it the o p (23). Schwinn & Lomasney
(24) confirmed the same drug specificity for their clone, and both groups
agree that they appear to have the same clone. The two different codons
most likely result from sequencing errors or minor individual variations.
Most investigators now agree that this clone does not code for the o s
subtype (Table 1) but encodes a fourth subtype, the oyp-

A sequence for a human homologue of this cDNA (known as o5 but
probably a;p) has been reported (25), although this cDNA has never been
expressed to show that it encodes a functional receptor. In addition, the 5’
ends of rat and human a;,/a;p cDNAs differ substantially. Although the
5' end of the rat and human «;g-AR clones are the same length and
essentially identical for the two species, the open reading frame of the



Annu. Rev. Pharmacol. Toxicol. 1994.34:117-133. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

o]-ADRENERGIC RECEPTOR SUBTYPES 121

Table 1 Comparison of the K; (nM) values of native a,A- and @,5-ARs from rat tissues with those of
various cDNA clones?®

Membranes Clones
Rat/Hamster
Antagonist Rat a;a Rat a;g Rat &;op a8 Bovine a)c
WB 4101 0.3° 34.0 2.0 30.0 0.5
(.08-1.0) (4.7-251) (1.9-2.1) (29-31) (.5-.6)
(+) Niguldipine 0.4 165 225 854 80
(.05-2.4) (32-847) (46— 1100) (8—-1700) —
5-Methyl-urapidil 1.0 101 70 190 7
(.6-1.5) (28-363) (15-330) (41-340) —
Oxymetazoline 73 193 2100 560 4
(3-3.2) (178-209) — — (27-170)

*This table compares the pharmacological properties of ays- and a;g-ARs natively expressed in membranes from
various rat tissues with those of various cDNA clones expressed in COS, CHO, or HeLa celis.

®Mean values for the K, for each compound are compiled from literature reports referenced in the text. Underneath in
parentheses are the ranges of reported values for each compound and each receptor subtype.

human a;5/a;p clone is about 100 bp shorter than the rat clone, which
accounts for a predicted 30--amino acid difference in size. Also, the sequence
identity between these two clones is relatively low for the next 180 bp,
after which it becomes very high. The relationship between the human and
rat oy a/ap clones remains to be clarified.

Where Is the o.1A Clone?

Although three clones have been isolated and expressed, none of them can
yet account for the pharmacologically defined o, subtype. Most investi-
gators now agree that the o), subtype has probably not yet been cloned
(23, 24), despite extensive searches in tissues enriched in this subtype. The
reason why is not clear. For example, screening of a cDNA library from
rat hippocampus, which should be enriched in the o, subtype, by using
degenerate polymerase chain reaction (PCR) primers resulted in identification
of primarily (95%) a,g clones, although a single novel clone, the a;p (23)
was also found. Thus, all cDNAs found in a tissue enriched in the o,
subtype coded for other subtypes. Because other investigators have had
similar experiences, it is possible the o, may not bear much sequence
homology to known subtypes. This would explain why homology-based
screening approaches have not succeeded in picking up this clone.
However, the possibility that the o clone is related to the o), subtype
remains viable, as suggested by several lines of evidence. First, mRNA for
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the a;p subtype is generally localized to rat tissues known to be enriched
in the oy subtype (19, 23). The major exception to this observation is rat
spleen, where oy, mRNA is found, but where the o;-ARs are all of the
pharmacologically defined o5 subtype (7, 23). Second, no a;, cDNA has
been isolated, despite extensive searches in tissues known to express this
subtype. Finally, intriguing reports have emerged from the Garcia-Sainz
laboratory (26-28) on the a;-AR subtype in guinea pig liver. Guinea pig
liver expresses mRNA only for the a;p subtype, which is referred to as
a4 in the papers, and not for the o;p or ac subtypes (26-28). However,
the pharmacology of the natively expressed receptors in guinea pig liver
resembles the rat and human o,, with a high affinity for 5-methylurapidil
(0.75-3.0 nM) and a complete lack of sensitivity to CEC (26-28). Species
differences in the guinea pig o;p homologue might result in a receptor with
an a5-type pharmacology, but because the rat ap clone does not express
a rat aa-type pharmacology, this seems less likely. Although the a;p and
o might coexist in guinea pig liver, the pharmacological observations in
this system suggest the presence of a homogeneous a;, population (26-28).

These observations raise the possibility that the ojp clone is somehow
related to the pharmacologically defined o;, subtype. Most studies of other
G protein-linked receptors suggest that the pharmacological properties of
the expressed clones agree well with those of the natively expressed subtypes
(see below). However, we cannot rule out the possibility that alternate splice
variants, tissue-specific processing or environment, or unexpected interac-
tions between coexisting subtypes might produce an ay5-type pharmacology
out of the known clones.

SPECIES VARIANTS, ALTERNATIVE SPLICING, OR
TISSUE-SPECIFIC PROCESSING?

Because currently available clones are derived from several different species,
small structural differences between proteins could complicate comparison
of the drug specificities of subtypes derived from different species. Such a
situation has been observed with the mouse and human homologues of the
az4-AR, in which a single amino acid difference causes interspecies vari-
ations in affinity for the antagonist yohimbine (29). However, interspecies
variations cannot explain the problem with the a;, subtype, because most
pharmacological data are from rat tissues (7) and both a;,/a;p clones that
have been identified and characterized are derived from rat libraries (19,
23). In addition, expression of hamster (17), rat (19), and human (21) a;g
clones results in receptors with essentially identical drug specificities, which
suggests little interspecies variations in the ligand binding properties of this
subtype. However, the possibility that structural differences may alter ligand
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recognition properties must always be considered when comparing clones
from different species.

The possibility that the o, subtype is the result of a splice variant, or
some cell-specific posttranslational modification, of one the cDNAs already
isolated must also be considered. «;-AR genes are unusual among G
protein-linked receptors in that they contain introns in their protein-coding
regions. Introns have been reported in the genes for the hamster (8) and
human (21) a;g and bovine a;c subtypes (22). In most cases, complete
genomic sequences for these receptors are not yet available. Alternative
splicing of multiple exons, resulting in multiple splice variants, could
conceivably contribute to the current confusion. In this case, of course, it
is still surprising that a full-length cDNA for the « subtype has not been
identified despite searches in tissues enriched in this subtype. Another
possibility is that clones derived at least in part from genomic DNA (19,
21) lacked an exon that might contribute to altered recognition propertics
of the expressed receptor.

For example, the human and rat B3-ARs were first thought to be encoded
by single exons (30, 31); however, an additional exon coding for receptor
sequence of both species was reported recently (32). The additional amino
acids reside at the carboxy-terminal tail and not in the transmembrane
domains, but they may still be related to the puzzling pharmacological
differences between native and recombinant human (;-ARs (33). However,
long and short alternatively spliced dopamine D, receptor variants, which
differ in the length of the third intracellular loop, appear to have no
pharmacological or functional differences (34).

Cell-specific modifications might also alter the binding specificity of a
receptor. Contractile studies of different arteries have suggested that agonist
affinity for a;-ARs might be influenced by the tissue environment in which
the receptor is found (35, 36). Bevan et al (35) reported a more than
200-fold difference in agonist affinity for NE in different rabbit arteries but
found few or no differences in antagonist affinity (36). Such studies suggest
that cell-specific modifications or microenvironments might play a role in
determining the ligand-binding specificity of a receptor protein. In this case,
expression of a cDNA in a foreign cell would not necessarily result in a
receptor with pharmacological properties identical to the natively expressed
subtype. However, there is generally little biochemical or molecular prece-
dent for such a result. Much evidence suggests that the binding properties
of a receptor are a product of its primary amino acid sequence (37), and
the pharmacological properties of specific receptor cDNAs expressed in a
wide variety of cell types have varied remarkably little. In fact, both 8,
and B,-ARs retain their normal drug specificities even when expressed in
Escherichia coli (38). However, the possibility of altered ligand binding
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properties caused by cell-specific environment or processing cannot be
eliminated until it is subjected to direct experimental test.

Clearly, the lack of success in obtaining an a5 clone does not result
from pharmacological variations in species homologues. The possibility that
alternative splice variants, cell-specific processing, or environment could be
contributing to the current confusion has not been conclusively eliminated,
but this hypothesis is supported by little direct precedent. Most likely, the
a14-AR clone has yet to be isolated.

ADDITIONAL SUBTYPES?

Evidence from several pharmacological studies appears to suggest the
existence of additional a;-AR subtypes. Thesc include receptors with very
low affinities for specific competitive antagonists and receptors with inter-
mediate and partial sensitivities to CEC.

Functional studies have suggested that some o;-AR subtypes may have
different affinities for the prototype o;-AR antagonist, prazosin (39—41). In
rat thoracic aorta, for example, the pA, for prazosin is substantially higher
than in other rat tissues (40), which suggests that different receptors have
different affinities for prazosin. Studies on o;-AR-mediated contractile
responses in several isolated blood vessels led Muramatsu and coworkers
(41) to develop a classification scheme for o-AR subtypes based primarily
on differential affinities for prazosin. However, such studies have largely
not been confirmed with direct binding assays (5, 9, 42); thus whether they
result from pharmacologically distinct a;-AR subtypes is uncertain.

The highly o;4-selective antagonist (+)niguldipine has also provided
evidence for additional a;-AR subtypes. This compound shows a remarkable
selectivity in blocking two different biochemical responses to o;-AR acti-
vation in slices of rat cerebral cortex. (+)Niguldipine blocks the increase
in inositol phosphates caused by a)-AR activation with a relatively low
affinity, characteristic of the o;g subtype (43). However, it is almost
completely ineffective in blocking the potentiation of cAMP accumulation
caused by o;-AR activation in the presence of activators of other G
protein—linked receptors (e.g. isoproterenol, adenosine) (44, 45). This ob-
servation raises the possibility of an additional a;-AR subtype in rat brain
with a very low affinity for (+)niguldipine. Additional data for a subtype
with a low affinity for (+)niguldipine have been obtained recently by using
radioligand binding studies on rat tissues (46).

In fact, careful pharmacological analysis of second-messenger responses
in rat brain preparations shows that the oja/oypg classification scheme is
inadequate to completely explain any of the second messenger responses
studied (45). Although the inositol phosphate response to NE in brain slices
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appears to be primarily mediated by the o;p subtype (43), it shows a
stereoselectivity for niguldipine enantiomers not seen in radioligand binding
studies of the ag subtype in the same tissue preparation (44). In addition,
the os-selective antagonist S-methylurapidil potently blocks this response
(45), and pretreatment with the ag-selective alkylating agent CEC does not
block this response (10, 45).

Some of these complications will probably be explained by interactions
between coexisting o;-AR subtypes linked to the same functional response.
In addition, three closely related (ag-like) subtypes are known from molec-
ular cloning studies, and slight differences between these subtypes may
complicate pharmacological analysis. Overall, it seems likely that there are
additional a-AR subtypes, but their properties are not yet clear.

SUBTYPE-SELECTIVE DRUGS

To date, only a few drugs have been found to have substantially different
affinities for the pharmacologically defined a5 - and o;g-AR subtypes, and
even fewer drugs differ substantially in affinity for the cloned subtypes.
Most of these drugs have no potential for therapeutic utility because they
also interact potently with other biological molecules. A major effort in
drug design and screening should be directed at obtaining selective com-
pounds that will be useful in analyzing the interactions and functional roles
of these subtypes and that might have potential therapeutic applications.

The two most selective agents currently available are 5-methylurapidil
(13, 14) and (+)niguldipine (15), both of which are at least 50- to 100-fold
selective for the o, over the ;g subtypes. However, 5-methylurapidil is
also a potent serotonin receptor agonist (13, 14) and (+)niguldipine is a
potent dihydropyridine-type calcium channel blocker (15). Although these
actions do not complicate radioligand binding studies, they greatly confound
functional differentiation of these subtypes. This is particularly true in smooth
muscle, in which both serotonin receptors and dihydropyridine sensitive
Ca?* channels play major functional roles, and where defining the functional
roles of o;-AR subtypes is of major interest.

Other a5-selective antagonists that show less selectivity (10- to 20-fold)
include WB 4101, benoxathian, and phentolamine (5, 9, 16). The selectivity
shown by these drugs is sufficient for distinguishing between subtypes only
under the simplest and most well-controlled conditions, such as radioligand
binding assays in membrane preparations. They have only limited use in
more complex situations in which responses are more complicated, drug
concentration is less easily controlled, or coexisting subtypes interact with
each other in complex ways. Oxymetazoline shows about a 50- to 100-fold
higher affinity for the a4 subtype than the o;g subtype (11); however, the
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partial agonist properties of this compound (which also activates serotonin
and o-AR receptors) also restrict its use primarily to radioligand binding
assays.

Currently no drugs are available that show any large degree of selectivity
for the a5 subtype. Spiperone showed a slight (13-fold) selectivity for the
o-ARs in rat liver membranes (o,g) over those in rat salivary gland
membranes (o;4) (47), but this compound has not proven particularly useful
in subsequent studies. No other a,g-selective competitive antagonists have
been identified. As discussed above, the site-directed alkylating agent CEC
is selective for the o;g subtype. This compound does not have different
binding affinities for o o- and a;5-ARs, and the selectivity appears to reside
in the lack of an appropriate reactive group in the a;, subtype to which
CEC can covalently attach (11, 12).

Few available drugs show substantial selectivity between the three cloned
subtypes (g, @ic, o p) (Table 1). WB 4101 has a higher affinity for the
receptors expressed by the a;sp and o;c clones than for the receptor
expressed by the a;p clone. 5-Methylurapidil is more potent at the expressed
a;c clone than at either of the other two. The receptors expressed by the
three clones show some differences in sensitivity to CEC inactivation (o
> ayc > aap)s but this selectivity is rather small. Otherwise, the receptors
expressed by these three clones do not differ pharmacologically.

Some evidence also suggests differential alkylation of a;5- and o ;g-ARs
by the alkylating prazosin analog SZL 49, or prazobind (48, 49). Piascik
et al (48, 49) reported that injection of SZL 49 into rats in vivo causes a
partial inactivation of a;-ARs and presented some evidence that this inac-
tivation resulted from selective alkylation of the ;5 subtype. However, the
selectivity of this compound seems to be related to its route of administration
rather than true subtype selectivity because it inactivates both a;,- and
a,5-ARs equally well in membrane preparations (50).

Very little is known about the subtype selectivity of o-AR agonists.
Both phenylephrine and methoxamine, although generally considered full
agonists at a-ARs in smooth muscle and other isolated tissue preparations,
show only weak intrinsic activity relative to NE in activating second
messenger responses in tissues or cell lines (7). These compounds are
probably partial agonists with only an intermediate efficacy, and their effects
in intact tissues are likely magnified by large receptor reserves. Tsujimoto
et al (51) reported that methoxamine is selective for the o;, subtype in
both affinity and efficacy. Because of the complexity of evaluating these
parameters and the still uncertain state of a;-AR subclassification, drawing
definite conclusions can be difficult. One must remember these considera-
tions when using these compounds.

Garcia-Sainz et al (26) used hepatocytes from guinea pigs, rats, and



Annu. Rev. Pharmacol. Toxicol. 1994.34:117-133. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

a1-ADRENERGIC RECEPTOR SUBTYPES 127

rabbits, which express aap-, ®1p-, and a;c-ARs respectively, to examine
the agonist pharmacology of these subtypes. Looking at labelling of phos-
phatidylinositol, they found that methoxamine had a high intrinsic activity
in guinea pig liver (o 5,p) but not in rat or rabbit liver, while oxymetazoline
had a high intrinsic activity in rabbit liver (a;c) but not in guinea pig or
rat liver (26). These observations indicate that methoxamine may be an
ajapselective agonist, whereas oxymetazoline may be an o;c-selective
agonist. One must view these results with caution, however, because the
receptor reserves of the different subtypes in the different liver preparations
are unknown, and efficacy cannot be obtained directly from intrinsic activity.
In fact, an examination of other responses in the same hepatocyte prepara-
tions produced different relative intrinsic activities for these agonists (26).
Nevertheless, these results do suggest that commonly used agonists may
show different efficacies at different a;-AR subtypes.

SIGNAL-TRANSDUCTION MECHANISMS

In most cells, the primary functional consequence of a;-AR activation is
an increase in intracellular Ca2* ([Ca2*];) (7). This increase appears to result
from the release of Ca?* from internal stores and/or the influx of extracellular
Ca?* into the cell. The specific signaling mechanisms involved are only
partly understood. Activation of a;-ARs is coupled to the enzyme phos-
pholipase C via a G-protein (Gp or Gq), which when activated can metab-
olize phosphatidylinositol(4,5)bisphosphate and produce inositol(1,4,5)tris-
phosphate [Ins(1,4,5)P3} and diacylglycerol (DAG) (52). Ins(1,4,5)P; can
interact with specific receptors on intracellular organelles to release stored
Ca?*. DAG can activate protein kinase C, which then phosphorylates many
cellular proteins (including Ca?* channels) that may regulate [Ca2*]; (53).
Evidence also indicates that o-AR activation can increase influx of extra-
cellular Ca?* via voltage-dependent (54) as well as non-voltage-dependent
Ca?* channels (55). Most of the data that support the existence of an a;-AR
coupled to the activation of voltage-dependent Ca?* channels comes from
studies using isolated vascular sinooth muscle preparations in which dihydro-
pyridine Ca?* channel antagonists can inhibit contractions elicited by a;-AR
agonists (7, 56, 57).

In addition to the role each of these mechanisms plays separately in the
elevation of [Ca?* J;, these signaling pathways might interact with each other
to regulate increases in [Ca?*];. For example, when a;-AR activation
depletes intracellular pools of Ca2*, a sustained influx of extracellular Ca?*
into the cell through dihydropyridine-insensitive Ca2* channels often occurs
(58). Conversely, the opening of voltage-dependent Ca?* channels may
allow the initial influx of Ca2* to activate release of Ca2* from intracellular
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stores (59). Additionally, other signaling pathways known to be mediated
by a;-ARs such as activation of phospholipases A, (60) and D (61) and
potentiation of adenylate cyclase activity (44, 45) may also be involved in
the regulation of [Ca?*]; and must be considered as potential mechanisms
by which a-ARs control [Ca2*];.

It was suggested early on that ajs- and a;g-ARs might increase intra-
cellular Ca?* levels by different mechanisms (5). Studies in isolated smooth
muscles showed that dihydropyridine Ca?* channel blockers or removal of
extracellular Ca&** blocked contractions caused by o, activation, while

- contractions elicited by g activation were insensitive to these treatments

(5, 14, 16, 51, 56, 57). Han et al (16) suggested that aj,-ARs might gate
Ca?* influx through voltage-gated channels, while o;g-ARs mobilized in-
tracellular Ca?*.

Investigators now generally agree that activation of «;g-ARs increases
formation of DAG and Ins(1,4,5)P;, and that Ins(l,4,5)P; mobilizes Ca2*
from intracellular stores. The signaling mechanism activated by the a;,
subtype, however, is less clear. Despite the evidence for influx of extra-
cellular Ca2* through voltage-gated channels (5, 14, 16, 51, 56, 57), o 5-like
receptors also increase inositol phosphate formation (62, 63). In addition,
a;p-ARs can activate Ca2* influx (64), although not usually through volt-
age-gated channels. o;-ARs have also been linked to activation of both
pertussis toxin—sensitive (60, 65) and —insensitive (66, 67) G proteins, to
arachidonic acid release (60), cAMP formation (44, 45), and phospholipase
D (61). Although clues and correlations have been noted, the relationship
between specific subtypes and signaling mechanisms remains a mystery.

Studies of cloned o;-AR subtypes have suggested that, like other G
protein—linked receptors, these receptors can activate multiple signaling
mechanisms in transfected cells. All known clones can activate inositol
phosphate formation in transfected cells (8, 17, 19, 22-24, 68), but inter-
pretation of signaling by transfected subtypes is complicated. Receptor theory
predicts that the density of a particular receptor subtype on a cell should
be related in a predictable manner to the maximum response to receptor
activation and the potency of agonists in activating that response. As receptor
density increases, maximum response should increase to a ceiling level at
which other components of the response (G protein, effector, substrates,
etc) become limiting. At this point, further increases in receptor density are
predicted to increase the potency of the agonist in activating the response
without affecting the maximum achievable response, referred to as spare
receptors or a receptor reserve. Presumably, by progressively increasing
receptor density by transfection of receptor cDNAs, one could progressively
increase maximum response and subsequently agonist potency. Under con-
ditions of extremely high receptor expression, receptors might couple to
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signaling mechanisms that they would not activate under more normal
expression levels.

This observation is particularly important in studying signaling by G
protein—linked receptors, because these receptors often couple to multiple
signaling mechanisms when transfected into mammalian cells. Since trans-
fections are usually done using vectors with strong constitutively active
promoters, transfection usually results in extremely high levels of receptor
expression. The observation that such transfected receptors can couple to
several different second messenger systems is often difficult to interpret,
because we cannot say whether such coupling would occur at more normal
levels of receptor expression. Given the homologies between G protein—
linked receptors of different classes, high-level expression of a particular
receptor subtype would probably result in coupling to a particular signaling
mechanism that might not normally be activated by that receptor subtype.

This conundrum is particularly confusing in studies of the signaling
mechanisms associated with «;-AR subtypes, as both native and cloned
subtypes have been suggested to couple to various signaling mechanisms
(5), as discussed above. The o ;g subtype expressed in MDCK cells increases
inositol phosphate formation, mobilizes intracellular Ca2*, and promotes
arachidonic acid release in addition to promoting Ca?* influx (64). Expres-
sion of both the ;5 and o;c cDNA clones results in the expected coupling
to inositol phosphate formation and Ca?* mobilization, but also to Ca&*
influx and increases in cAMP (68). Although phospholipase C responses to
o;p-AR activation are usually insensitive to pertussis toxin (66), expression
of this subtype in Xenopus laevis oocytes results in activation of phos-
pholipase C through a pertussis toxin-sensitive G, pathway (69). Whether
there is any specificity of coupling, or whether specific subtypes preferen-
tially couple to different signaling mechanisms is not yet known. Each
subtype can probably couple to different signalling mechanisms, but this
might occur at different receptor densities. These relationships remain to be
worked out in detail.

CONCLUSIONS

Investigators have not yet reached a consensus on the number and signaling
mechanisms of o;-adrenergic receptor (AR) subtypes. Two native subtypes
(o4 and o) can be distinguished pharmacologically, and three subtypes
(o8, @yc, and ajp) have been cloned. One of the cloned subtypes (o;p)
was originally thought to encode the pharmacologically defined a5 subtype.
However, recent data suggest otherwise, and many investigators now agree
that the o, subtype has probably not yet been cloned. The relationship
between the cloned receptors and the native subtypes must be understood,
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and any additional cDNA clones obtained, before the drug specificities and
second messenger pathways of a;-AR subtypes can be clearly defined.
Little is yet known about the cellular and tissue distribution of these
subtypes, their developmental profiles, or their functional importance. Mo-
lecular cloning of complementary DNA sequences for the remaining subtypes
will help to clarify the number and properties of these subtypes. Identification
of drugs that can selectively target particular subtypes is an important goal
that may result in therapeutic advances in numerous disease states, including
benign prostatic hyperplasia. The newly recognized complexity of the
adrenergic receptors presents us with both important challenges and new
therapeutic targets. The potential impact of this field on medical therapeutics
remains to be clearly defined.

Any Annual Review chapter, as well as any article cited in an Annual Review chapter, may
be purchased from the Annual Reviews Preprints and Reprints service.
1-800-347-8007; 415-259-5017; email: arpr@class.org

Literature Cited

Ahlquist RP. 1948. A study of the
adrenotropic receptors. Am. J. Physiol.
153:586-600

Lands AM, Amold A, McAuliff, IP
Luduena FP, Brown TG. 1967. Dif-
ferentiation of receptor systems acti-
vated by sympathomimetic amines. Na-
ture 214:597-98

Berthelsen S, Pettinger WA. 1977. A
functional basis for the classification
of o-adrenergic receptors. Life Sci.
21:595

Lefkowitz RJ, Caron MG. 1988. Ad-
renergic receptors: models for the study
of receptors coupled to guanine nu-
cleotide regulatory proteins. J. Biol.
Chem. 263:4993-96

Minneman KP. 1988. ai-Adrenergic
receptor subtypes, inositol phosphates
and sources of cell calcium. Phar-
macol. Rev. 40:87-119

Bylund DB. 1992. Subtypes of ai-
and a2-adrenergic receptors. FASEB J.
6:832-39

Harrison JK, Pearson WR, Lynch KR.
1991. Molecular characterization of a]-
and o2-adrenoceptors. Trends Phar-
macol. Sci. 12:62-67

Lomasney JW, Cotecchia S, Letkowitz
RJ, Caron MG. 1991. Molecular bi-
ology of a-adrenergic receptors: im-
plications for receptor classification and
for structure-function relationships.
Biochim. Biophys. Acta 1095:127-42
Morrow AL, Creese 1. 1986. Charac-

10.

11.

12.

terization of oj-adrenergic receptor sub-
ypes in rat brain: 2 reevaluation of
["H]-WB 4101 and [ H]-prazosin bind-
ing. Mol. Pharmacol. 29:321-30
Johnson RD, Minneman KP. 1987.
Differentiation of aj-adrenergic recep-
tors linked to phosphatidylinositol turn-
over and cyclic AMP accumulation in
rat brain. Mol. Pharmacol. 31:239-46
Han C, Abel PW, Minneman KP.
1987. Heterogeneity of aj-adrenergic
receptors revealed by chlorethylclonid-
ine. Mol. Pharmacol. 32:505-10
Minneman KP, Han C, Abel PW.
1988. Comparison of e -adrenergic
receptor subtypes distinguished by
chloroethylclonidine and WB 4101.
Mol. Pharmacol. 33:509-14
Gross G, Hanft G, Rugevics C. 1989.
5-Methyl-urapidil ~ discriminates be-
tween subtypes of the ai-adrenoceptor.
Eur. J. Pharmacol. 151:333-35
Hanft G, Gross G. 1989. Subclassifica-
tion of ai-adrenoceptor recognition
sites by urapidil derivatives and other
selective antagonists. Br. J. Pharma-
col. 97:691-700
Boer R, Grassegger A, Schudt CH,
Glossman H. 1989. (+) Niguldipi e
binds with very high affinity to Ca**
channels and to a subtype of a-ad-
renoceptors. Eur. J. Pharmacol. 172:
13145
Han C, Abel PW, Minneman KP.
1987. aj-Adrenoceptor subtypes linked



Annu. Rev. Pharmacol. Toxicol. 1994.34:117-133. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

a1-ADRENERGIC RECEPTOR SUBTYPES 131

to different mecglanisms for increasing
intracellular Ca”" in smooth muscle.
Nature 329:333-35

Cotecchia S, Schwinn DA, Randall
RR, Lefkowitz RJ, Caron MG, Kobilka
BK. 1988. Molecular cloning and ex-
pression of the cDNA for the hamster
oy-adrenergic receptor. Proc. Natl.
Acad. Sci. USA 85:7159-63

Voigt MM, Kispert J, Chin H. 1990.
Sequence of a rat brain cDNA encoding
an alpha-1B adrenergic receptor.
Nucleic Acids Res. 18:1053
Lomasney JW, Cotecchia S, Lorenz
W, Leung WY, Schwinn DA, et al.
1991. Molecular cloning and expression
of the cDNA for the aja-adrenergic
receptor: the gene for which is located
on human chromosome S. J. Biol.
Chem. 266:6365-69

Libert F, Parmentier M, Lefort A,
Dinsart C, Van Sande J, et al. 1989.
Selective amplification and cloning of
four new members of the G protein-
coupled receptor family. Science 244:
569-72

Ramarao CS, Kincade-Denker JM,
Perez DM, Gaivin RJ, Riek RP, Gra-
ham RM. 1992. Genomic organization
and expression of the human «g-ad-
renergic receptor. J. Biol. Chem. 267:
2193645

Schwinn DA, Lomasney JW, Lorenz
W, Szklut PJ, Fremeau RT Jr, et al.
1990. Molecular cloning and expression
of the cDNA for a novel oj-adrenergic
receptor subtype. J. Biol. Chem. 265:
8183-89

Perez DM, Piascik MT, Graham RM.
1991. Solution-phase library screening
for the identification of rare clones:
isolation of an aip-adrenergic receptor
cDNA. Mol. Pharmacol. 40:876-83
Schwinn DA, Lomasney JW. 1992.
Pharmacological characterization of
cloned «i-adrenoceptor subtypes: se-
lective antagonists suggest the existence
of a fourth subtype. Eur. J. Pharmacol.
227:433-36

Bruno JF, Whittaker J, Song J,
Berelowitz M. 1991. Molecular cloning
and sequencing of a cDNA encoding
a human a4 -adrenergic receptor. Bio-
chem, Biophys. Res. Commun. 179:
1485-90

Garcia-Sainz JA, Romero-Avila MT,
Alcantara-Hernandez R,  Olivares-
Reyes A. 1993. Different sensitivity
to methoxamine and oxymetazoline of
hepatocytes expressing o1A-, a1B- and
ajc-adrenoceptors. Pharmacol. Com-
mun. 2:339-44

Garcia-Sainz JA, Romero-Avila MT,

28.

29.

30.

31

3.

33.

34.

35.

36.

37.

Hernandez RA, Macias-Silva M,
Olivares-Reyes A, Gonzalez-Espinosa
C. 1992. Species heterogeneity of he-
patic aj-adrenoceptors: aja-, a18- and
ajc- subtypes. Biochem. Biophys. Res.
Commun. 186:760~67

Garcia-Sainz JA, Romero-Avila MT,
Olivares-Reyes A, Macias-Silva M.
1992. Guinea pig hepatocyte oja-ad-
renoceptors: characterization, signal
transduction and regulation. Eur. J.
Pharmacol. Mol. Pharmacol. 227:239-
45

Link R, Daunt D, Barsh G, Chruscinski
A, Kobilka B. 1992. Cloning of two
mouse genes encoding az-adrenergic
receptor subtypes and identification of
a single amino acid in the mouse
o-C10 homolog responsible for an
interspecies variation in antagonist
binding. Mol. Pharmacol. 42:16-27
Emorine LJ, Marullo S, Briend-Sutren
M, Patey G, Tate K, et al. 1989.
Molecular characterization of the
human Ps-adrenergic receptor. Science
245:1118-21

Granneman JG, Lahners KN,
Chaudhry A. 1991. Molecular cloning
and expression of the rat Ps-adren-
ergic receptor. Mol. Pharmacol. 40:
895-99

Granneman JG, Lahners KN, Rao DD,
1992. Rodent and human (33-adrenergic
receptor genes contain an intron within
the protein-coding block. Mol. Phar-
macol. 42:964-70

Esbenshade TA, Han C, Theroux TL,
Granneman JG, Minneman KP. 1992.
Coexisting B1- and atypical B-adrener-
gic receptors cause redundant increases
in cyclic AMP in human neuroblastoma
cells. Mel. Pharmacol. 42:753-59
Dal Toso R, Sommer B, Ewert M,
Herb A, Pritchett DS, et al. 1989.
The dopamine D receptor: two mo-
lecular forms generated by alternative
splicing. EMBO J. 8:4025-34

Bevan JW, Oriowo MA, Bevan RD.
1986. Physiological variation in a-ad-
renoceptor mediated arterial sensitivity:
relation to agonist affinity. Science
234:196-97

Oriowo MA, Bevan RD, Bevan JA.
1991. Variation in the interaction of
some phenylethylamine and imidazol-
ine derivatives with alpha-1 adreno-
ceptors in rabbit arteries: further evi-
dence for the variable receptor affinity
hypothesis. J. Pharmacol. Exp. Ther.
257:651-56

Strader CD, Candelore MR, Rands E,
Dixon RAF. 1987. B-Adrenergic re-
ceptor subtype is an intrinsic property



Annu. Rev. Pharmacol. Toxicol. 1994.34:117-133. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

132

38.

39.

40,

41.

42,

43.

44,

45.

46.

47.

48.

49.

MINNEMAN & ESBENSHADE

of the receptor gene product. Mol.
Pharmacol. 32:179-83

Marullo S, Delavier-Klutchko C, Es-
hdat Y, Strosberg AD, Emorine L.
1988. Human [2-adrenergic receptors
cxpressed in Escherichia coli mem-
branes retain their pharmacological
propetties. Proc. Natl. Acad. Sci. USA
85:7551-55

Flavahan NA, van Houtte PM. 1986.
a-Adrenoceptor  subclassification in
smooth muscle. Trends Pharmacol.
Sci. 7:347-49

Digges KG, Summers RJ. 1983. Char-
acterization of postsynaptic a-adreno-
ceptors in rat aortic strips and portal
veins. Br. J. Pharmacol. 79:655-65
Muramatsu I, Ohmura T, Kigoshi S,
Hashimoto S, Oshita M. 1990. Phar-
macological subclassification of aj-ad-
renoceptors in vascular smooth muscle.
Br. J. Pharmacol. 99:197-201
Esbenshade _.TA, Han C, Minneman
KP. 1993. “H-Prazosin does not dis-
tinguish oj-adrenoceptor subtypes in
rat tissues. Pharmacol. Commun. 3:
323-42

Michel MC, Hanft G, Gross G. 1990.
ap- but not aja-adrenoceptors mediate
inositol phosphate generation. Naunyn
Schmiedebergs Arch. Pharmakol. 341:
385-87

Robinson JP, Kendall DA. 1990.
Niguldipine discriminates between ai-
adrenoceptor mediated second messen-
ger responses in rat cerebral cortex
slices. Br. J. Pharmacol. 100:3-4
Minneman KP, Atkinson BA. 1991.
Interaction of subtype-selective antag-
onists with aj-adrenergic receptor me-
diated second messenger responses in
rat brain. Mol. Pharmacol. 40:523-30
Han C, Minneman KP. 1991. Interac-
tion of subtype-selective antagonists
with aj-adrenergic receptor binding
sites in rat tissues. Mol. Pharmacol
40:531-38

Michel AD, Loury DN, Whiting RL.
1989. Identification of a single ai-ad-
renoceptor corresponding to the aia
subtype in rat submaxillary gland. Brit.
J. Pharmacol. 98:883-89

Piascik MT, Butler BT, Kusiak JW,
Pitha J, Holtman JR. 1989. Effect of
an alkylating analog of prazosin on
alpha-1-adrenoceptor subtypes an arte-
rial blood pressure. J. Pharmacol. Exp.
Ther. 251:878-86

Piascik MT, Butler BT, Pruitt TA,
Kusiak JW. 1990. Agonist interaction
with alkylation-sensitive and -resistant
alpha-l adrenoceptor subtypes. J. Phar-
macol. Exp. Ther. 254:982-91

50.

51

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

Mante S, Minneman KP. 1991. The
alkylating prazosin analog SZL 49
inactivates both aja- and ajp-adreno-
ceptors. Eur. J. Pharmacol. Mol. Phar-
macol. 208:113-17

Tsujimoto G, Tsujimoto A, Suzuki E,
Hashimoto K. 1989. Glycogen phos-
phorylase activation by two different
ai-adrenergic receptor subtypes: meth-
oxamine selectively stimulates a puta-
tive aj-adrenergic receptor. subtypes
(cua) that couples with Ca“" influx.
Mol. Pharmacol. 36:166--76

Berridge MJ, Irvine RF. 1989. Inositol
phosphates and cell signalling. Nature
341:197-205

Nishizuka Y. 1984. The role of protein
kinase C in cell surface receptor signal
transduction. Nature 308:693-98
Ljung B, Kjellstedt A. 1987. Func-
tional antagonism of noradrenaline re-
sponses by felodipine and other calcium
antagonists in vascular smooth muscles.
J. Cardiovasc. Pharmacol. 10:82s-88s
Han C, Esbenshade TA, Minneman
KP. 1992. Subtypes of ai-adreno-
ceptors in DDTi MF-2 and BC3H-1
clonal cell lines. Eur. J. Pharmacol.
Mol. Pharmacol. 226:141-48

Suzuki E, Tsujimoto G, Tamura K,
Hashimoto K. 1990. Two pharmaco-
logically distinct ai-adrenoceptor sub-
types in the contraction of rabbit aorta:
each subtype couples with a different
Ca”" signalling mechanism and plays
a different physiological role. Mol.
Pharmacol. 38:725-36

Han C, Li J, Minneman KP. 1990.
Subtypes of aj-adrenoceptors in rat
blood vessels. Eur. J. Pharmacol. 190:
97-104

Rink TJ. 1990. Receptor-mediated cal-
cium entry. FEBS Lert. 268:381-85
van Breemen C, Saida K. 1989. gl-
lular mechanisms regulating [Ca” "}
smooth muscle. Annu. Rev. Physiol.
51:315-29

Burch RM, Luini A, Axelrod J. 1986.
Phospholipase A2 and phospholipase C
are activated by distinct GTP binding
proteins in response to «i-adrenergic
stimulation in FRTL-5 thyroid cells.
Proc. Natl. Acad. Sci. USA 83:7201-05
Llahi S, Fain JN. 1992. ai-Adrenergic
receptor-mediated activation of phos-
pholipase D in rat cerebral cortex. J.
Biol. Chem. 267:3679-85

Han C, Wilson KM, Minneman KP.
1990. ai-Adrenergic receptor subtypes
and formation of inositol phosphates
in dispersed hepatocytes and renal cells.
Mol. Pharmacol. 37:903-10

Wilson KM, Minneman KP. 1990.



Annu. Rev. Pharmacol. Toxicol. 1994.34:117-133. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

64.

65.

66.

a1-ADRENERGIC RECEPTOR SUBTYPES 133

Different pathways of [3H]inosito]
phosphate formation mediated by aa-
and aub-adrenergic receptors. J. Biol.
Chem. 265:17601-06

Klijn K, Slivka SR, Bell K, Insel PA.
1991. Renal ai-adrenergic receptor
subtypes: MDCK-DI cells, but not rat
cortical membranes possess a single
population of receptors. Mol. Phar-
macol. 39:407-13

Wilson KM, Minneman KP. 1990.
Pertussis toxin inhibits norepinephrine-
stimulated inositol phosphate formation
in primary brain cell cultures. Mol.
Pharmacol. 38:274-81

Lynch CJ, Prpic V, Blackmore PF,
and Exton JH. 1985. Effect of islet-
activating pertussis t%)iin on the binding
characteristics of Ca”" -mobilizing hor-
mones and on agonist activatien of

67.

68.

69.

phosphorylase in hepatocytes. Mol.
Pharmacol. 29:196-203

Terman BI, Slivka SR, Hughes RJ,
Insel PA. 1988. ai-Adrenergic receptor
linked guanine nucleotide binding pro-
tein in muscle and kidney epithelial
cells. Mol. Pharmacol. 31:12-20
Schwinn DA, Page SO, Middleton JP,
Lorenz W, Liggett SB, et al. 1991.
The oyc-adrenergic receptor: character-
ization of signal transduction pathways
and mammalian tissue heterogeneity.
Mol. Pharmacol. 40:619-26

Blitzer RD, Omri G, De Vivo M,
Carty DJ, Premont RT, et al. 1993.
Coupling of the expressed ajp-adren-
ergic receptor to the phospholipase
C pathway in Xenopus oocytes: the
role of Go. J. Biol. Chem. 268:7532—
37



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



