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Abstract

a,-Adrenoceptors are one of three subfamilies of receptors (o, «,, B) mediating responses to adrenaline and noradrenaline. Three
o ,-adrenoceptor subtypes are known (a4, o5, &) Which are all members of the G protein coupled receptor family, and splice variants
have been reported in the C-terminus of the a,,. They are expressed in many tissues, particularly smooth muscle where they mediate
contraction. Certain subtype-selective agonists and antagonists are now available, and o ,,-adrenoceptor selective antagonists are used to
treat benign prostatic hypertrophy. All subtypes activate phospholipase C through the G, ,,, family of G proteins, release stored ca?t,
and activate protein kinase C, although with significant differences in coupling efficiency (a;p > a5 > a1p). Other second messenger
pathways are also activated by these receptors, including Ca®* influx, arachidonic acid release, and phospholipase D. «;-Adrenoceptors
also activate mitogen-activated protein kinase pathways in many cells, and some of these responses are independent of Ca?* and protein
kinase C but involve small G proteins and tyrosine kinases. Direct interactions of «,-adrenoceptors with proteins other than G proteins
have not yet been reported, however there is a consensus binding motif for the immediate early gene Homer in the C-terminal tail of the
oyp Subtype. Current research is focused on discovering new subtype-selective drugs, identifying non-traditional signaling pathways
activated by these receptors, clarifying how multiple signals are integrated, and identifying proteins interacting directly with the receptors
to influence their functions. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction Adrenoceptor Family
|
Noradrenaline and adrenaline play important roles as I I |
neurotransmitters and hormones throughout the body. The Q. o B
adrenoceptors through which these compounds act are | 1 | 2
targets for many therapeutically important drugs. The

|
adrenoceptors are subdivided into 3 families (o, oy, B) (O Oy ) (O, Oy Oy, ) B B B)
based on their pharmacology, structure, and signaling | | |
mechanisms (Fig. 1; Bylund et al., 1994). Each family Gyn1 G G,
contains three or more subtypes, all of which are members I I |
of the G protein coupled receptor superfamily. These increase [Ca®]; inhibit adenylyl cycl imulate adenylyl cycl
receptors consist of single polypeptide chains predicted 0 Fig 1. The adrenoceptor family is divided into three subfamilies based on
have 7 membrane spanning domains. The « ,-adrenoceptor pharmacological properties, structural homology, and signaling mecha-
family is of particular therapeutic interest because of its nisms.
important role in control of blood pressure (Piascik et al., . . :
1990; Bylund et al., 1994: Minneman and Esbenshade, in controlling contraction and growth of smooth and car-

1994). These receptors are also abundant in brain, where diac muscle.

their functional role is not yet clear, and play critical roles
2. Existence of pharmacologically distinct « ,-adreno-
ceptor subtypes
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prazosin binding to rat brain membranes (Morrow and
Creese, 1986). Inhibition of [*H]-prazosin binding by WB
4101 (2-(2,6-dimethoxyphenoxyethyl)-aminomethyl-1,4
benzodioxane) and phentolamine, but not by a variety of
other antagonists, was characterized by arelatively shallow
slope, indicating binding site heterogeneity. Morrow and
Creese (1986) concluded that two distinct « ;-adrenoceptor
subtypes were labeled by [*H]-prazosin, and they named
the site with a higher affinity for WB 4101 and phento-
lamine o4, , and the other site o 5. It was subsequently
recognized that the site-directed alkylating agent chloreth-
ylclonidine inactivated only a subpopulation of o ,-adren-
oceptor binding sites in membranes from a variety of
tissues (Han et al., 1987a). Since chlorethylclonidine-in-
sensitive sites correlated well with those with a high
affinity for WB 4101 (Minneman et al., 1988), it was
concluded that these two approaches were distinguishing
the same «,, and a,5 subtypes. o ,-adrenoceptor selec-
tive antagonists with a greater degree of selectivity than
WB 4101 were then identified, including 5-methylurapidil
(Gross et al., 1988) and (+)-niguldipine (Boer et .,
1989). These drugs were shown to discriminate between
the same subtypes, supporting the existence of discrete
ay, and o, subtypes (Han and Minneman, 1991).

3. Cloning, structure, and splice variants

It is now clear that there are at least three o,-adreno-
ceptor subtypes. Although only two subtypes («;, and
ap) were easily distinguished pharmacologicaly, there
was some evidence for additional heterogeneity (Minne-
man, 1988). Following the original cloning of the hamster

ag-adrenoceptor by Cotecchia et al. (1988), two addi-
tional cDNAs have been cloned (Schwinn et al., 1990;
Lomasney et a., 1991; Perez et al., 1991). For complicated
reasons, the relationship between the pharmacologically
defined subtypes and the cDNA clones was controversia
for several years. Following the cloning and analysis of the
human receptors (Ramarao et al., 1992; Hirasawa et al.,
1993; Forray et al., 1994; Esbenshade et al., 1995; Schwinn
et a., 1995; Tseng-Crank et al., 1995), and identification
of more selective drugs (Goetz et a., 1995), however, a
general consensus has been reached (Ford et al., 1994;
Hieble et al., 1995). The clone originally named o, has
now been shown to encode the a,, Subtype (Laz et a.,
1994; Perez et a., 1994), and the clone originally named
a5 ,p has been shown to encode a novel subtype with
unique pharmacological properties, the o, (Fig. 2; Esben-
shade et d., 1995; Hieble et al., 1995). Thus, it now
appears that there are three subtypes encoded by three
genes (ay, /ey, g/, oyp/ayg), Where upper and
lower case letters indicate pharmacologicaly defined and
cloned subtypes, respectively. Because of the initial confu-
sion in nomenclature, the «,. designation has been
dropped. There is functional evidence for further hetero-
geneity, particularly for a subtype with a low affinity for
prazosin (Muramatsu et a., 1990; Garcia-Sainz et al.,
1992; Hieble et al., 1995; Ford et al., 1996; Leonardi et al.,
1997). However, to date these putative additional subtypes
have resisted identification by biochemica and/or molec-
ular techniques.

The «o,-adrenoceptor subtypes are unusual among G
protein coupled receptors in that they have an intron in
their protein coding regions at the end of the putative 6th
transmembrane domain (Ramarao et al., 1992; Tseng-Crank
et a., 1995; Chang et al., 1998). Three splice variants of
the human o, -adrenoceptor have been cloned which dif-

Fig. 2. A hypothetical representation of the structure of the «;-adrenoceptor. The receptor is a single polypeptide, predicted to have seven domains that
span the plasma membrane. Amino acid residues that are identical to the other two o -adrenoceptor subtypes are shown as filled circles.
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fer in length and sequence of their C-terminal domains
(Hirasawa et a., 1995), and additional splice variants and
truncated products have been reported (Chang et a., 1998).
However, no pharmaco-logical or signaling differences are
observed on expression of these different splice variants.
The truncated products do not bind radioligand, and their
biological significance is till obscure (Chang et al., 1998).

4. Expression and distribution

Radioligand binding assays have shown that «,-adreno-
ceptors are expressed in a large number of tissues from a
number of species. Unfortunately, specific antibodies to
the three o ;-adrenoceptor subtypes are still not available,
and the lack of highly subtype-selective antagonists makes
quantitative analysis by radioligand binding methods diffi-
cult. Thus, mapping the distribution of these subtypes has
been performed largely by analysis of mMRNA expression
patterns. Mapping studies have been performed primarily
in humans and rats, although some information from other
species has also been published.

High expression levels of al three subtypes are found in
brains of both species, athough there is substantial varia-
tion in subtype expression between brain regions (Price et
al., 1994a,b; Rokosh et al., 1994; Scofield et al., 1995). All
three subtypes are also expressed in heart, although the
o, may be the dominant cardiac subtype in humans
(Price et a., 1994b). Vas deferens and other smooth
muscles appear to express predominantly o, and op,
although some «,5-AR message and protein can aso be
found (Piascik et al., 1997). Liver contains predominantly
o ,-adrenoceptors in rats (Rokosh et al., 1994), but o ;.-
adrenoceptors in humans (Price et al., 1994b). Most other
tissues express mixtures of the three subtypes, and the
relative expression levels have been found to be different
in different reports.

The relationship between mRNA and protein expression
is not always obvious. However, combined with radioli-
gand binding and functional experiments, it is reasonable
to conclude that most tissues express mixtures of o;-
adrenoceptor subtypes. These subtypes appear to coexist in
different densities and ratios, and in most cases responses
to o,-adrenoceptor selective agonists are probably due to
activation of more than one subtype. Tissues which have
been used as model systems to characterize the pharmaco-
logical and signaling properties of particular subtypes (a5
rat vas deferens, rat submaxillary gland, rat kidney; o ,g:
rat spleen, rat liver; a,5: rat aorta) most likely express
multiple subtypes, which may contribute to the confusion
surrounding the properties of the native subtypes. The
exception appears to be rat liver, which appears to express
essentialy only the «,; subtype (Price et a., 1994a;
Rokosh et al., 1994; Scofield et al., 1995).

Whether this tissue heterogeneity is due to expression
of multiple cell types each expressing a single subtype, or

coexpression of subtypes by cells is not yet completely
clear. Analysis of «,-adrenoceptor expression in clonal
cell lines shows that most cell lines expressing o ,-adren-
oceptors express only a single subtype, the a5 (Han et al.,
1992; Zhong and Minneman, 1999b). There are two excep-
tions, human SKNMC neuroepithelioma cells which ex-
press al three subtypes (Esbenshade et al., 1993; Price et
al., 1994a) and rat medullary thyroid carcinoma (rMTC)
6-23 thyroid cells, which express mainly o,z but de-
tectable o;, MRNA (Esbenshade et al., 1994). Expression
of al three subtypes has also been found in primary
cultures of rat neonatal cardiomyocytes, where they are
differentialy regulated by chronic agonist exposure and
other hypertrophic stimuli (Rokosh et a., 1996). This
supports the concept of coexpression in single cells, with
expression levels of different subtypes subject to indepen-
dent regulation.

5. Selective agonists and antagonists

The affinities and selectivities of drugs for «,-adreno-
ceptor subtypes have been determined primarily by compe-
tition for radioligand binding to heterologously expressed
recombinant subtypes. Most antagonists, including the pro-
totype o ;-adrenoceptor selective antagonist prazosin, show
little or no selectivity between the three known «,-adren-
oceptor subtypes (Hancock, 1996), consistent with the
structural homology of these subtypes in the transmem-
brane domains (Fig. 2). However, a variety of drugs with
varying degrees of selectivity have been identified.

Development of o ,,-adrenoceptor selective antagonists
has been most successful. The first o ,,-adrenoceptor se-
lective antagonist to be identified was WB 4101 (Morrow
and Creese, 1986), which has about a 20-fold higher
affinity for the a,, than a,5 subtype. This limited selec-
tivity, combined with an intermediate affinity for the o,y
subtype, limits its utility in differentiating between sub-
types. Subsequently, 5-methylurapidil (Gross et a., 1988)
and (+)-niguldipine (Boer et al., 1989) were identified as
a4 -adrenoceptor selective antagonists. These drugs had a
greater selectivity between o, and o,g-adrenoceptors
(80-500-fold) and a low affinity for the «,, subtype,
making them useful for distinguishing subtypes in radioli-
gand binding assays (Han and Minneman, 1991). How-
ever, each of these drugs had other properties that limited
their use in functional experiments. 5-Methylurapidil is a
partial agonist at serotonin 5-HT,, receptors, while (+)-
niguldipine is a dihydropyridine Ca?* channel antagonist.
A derivative of (+)-niguldipine, SNAP 5089 (2,6-di-
methyl-4-(4-nitrophenyl)-1,4-dihydropyridine-3,5-dicarbo-
xylic acid-N-[3-(4,4-diphenylpiperidin-1-yl)propyl]lamide),
was developed which is highly «,,-selective but has a
much lower affinity for voltage-gated Ca?* channels
(Wetzel et al., 1995). Additional o ,,-adrenoceptor selec-
tive antagonists which have been identified include KMD-
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3213 ((—)-(R)-1-(3-hydroxypropyl)-5-[2-[2-[2-(2,2,2-tri-
fluoroethoxy ) phenoxy ] - ethylamino] propy! ] indoline- 7 -
carboxamide; Shibata et al., 1995); RS 17053 ( N-{2-(2cy-
clopropylmethoxyphenoxy ) ethyl ] 5-chloro -a. ,a-dimethyl -
1H-indole3-ethylamine hydrochloride; Ford et al., 1996);
Rec 15/2739 (N-[3-[4-(2-methoxyphenyl)-1-piperazinyl]
propyl ] -3-methyl- 4-oxo- 2-phenyl -4H- 1- benzopyran- 8-
carboxamide; Leonardi et al., 1997), A131701 (3-2-
((3aR,9bR)-cis-6-methoxy-2,3,3a,4,5,9b, hexahydro-
[1H ]-benz[ elisoindol-2-yl)ethyl]pyrido [3',4':4,5]
thieno[3,2-d]pyrimidine-2,4(1H,3H )-dione; Hancock et al.,
1998) and others (Hancock, 1996; Nagarathnam et al.,
1998; Patane et a., 1998). These drugs generally have a
relatively low affinity for both the o, and o, subtypes.
Interest in this area has been strong, since o ,,-adrenocep-
tor selective antagonists may have significant therapeutic
advantages over non-subtype selective o ;-adrenoceptor an-
tagonists in treatment of benign prostatic hypertrophy
(Nagarathnam et a., 1998). The moderately o ,,-adreno-
ceptor selective antagonist tamsulosin has been introduced
for this purpose (Foglar et al., 1995).

Finding selective antagonists for o, and o ,n-adreno-
ceptors has been more difficult. Chlorethylclonidine was
originaly identified as an «,5-adrenoceptor selective alky-
lating agent (Han et al., 1987a), however, complications in
the use of site-directed alkylating agents and controversies
over its selectivity in inactivating the recombinant o ;-
adrenoceptor subtypes (Michel et al., 1993; Hirasawa et
al., 1997) have pushed it into disfavor. Some competitive
antagonists have been reported to be moderately og-
adrenoceptor selective, including spiperone and cyclazosin
(Hancock, 1996), however the very limited selectivity of
these agents has essentially precluded their use in subclas-
sifying receptors. On the other hand, the partial serotonin
5HT,, receptor agonist BMY 7378 (8-[2-[4-(2-metho-
xyphenyl)- 1 -piperazinyl]ethyl]- 8 -azaspiro[4,5]decane-7,9-
dione dihydrochloride) has been shown to be a selective
antagonist at the o, subtype, with about 100-fold higher
affinity for the a;p than the ;. or a ;5 Subtype (Goetz et
al., 1995). This drug has proven useful in clarifying func-
tional roles for the o, subtype (Piascik et al., 1995).

Comparing the affinities of agonists for receptors is
much more difficult than comparing the affinities of antag-
onists because of the problems in determining agonist
affinities in both radioligand binding and functional stud-
ies. However, some information is available on the com-
parative potencies and efficacies of agonists at the cloned
o ,-adrenoceptor subtypes. The partial agonist oxymetazo-
line shows selectivity in radioligand binding assays, with
about a 20-fold higher apparent affinity for the a,, than
Q. OF a,p Subtypes (Minneman et al., 1988; Hancock,
1996). Oxymetazoline and methoxamine also appear to
selectively activate responses mediated by the o,, over
a5 Subtypes (Tsujimoto et al., 1989). Immediately fol-
lowing the initial cloning of the three subtypes it was
noted that catecholamines and other agonists showed a

20-fold higher apparent affinity for the a, subtype than
either the a;, or o5 (Lomasney et al., 1991; Perez et al.,
1991).

A systematic examination of the potencies of a variety
of full and partia agonists at the recombinant subtypes
was performed by Minneman et al. (1994). Radioligand
binding studies confirmed that full agonists such as
adrenaline and noradrenaline showed about a 20-fold higher
apparent affinity for the o, subtype compared to the
other two, and that this was unaffected by experimental
conditions such as the presence or absence of nucleotides
and cations. Surprisingly, however, this potency difference
was nhot apparent when receptor-mediated second messen-
ger responses were measured in intact cells. Noradrenaline,
adrenaline, 6-fluoronoradrenaline and phenylephrine had
similar potencies and apparent intrinsic activities for stimu-
lating inositol phosphate formation mediated by recombi-
nant o,,, oy, and o,y Subtypes in human embryonic
kidney (HEK) 293 cells (Minneman et al., 1994). Methox-
amine was most potent at the o,, subtype but had a
significant intrinsic activity at all three subtypes, while a
variety of imidazolines, including cirazoline, showed a
significantly higher intrinsic activity at the «,, subtype
compared to the other two. The selectivity of oxymetazo-
line and cirazoline for the recombinant «,, Subtype was
also reported by Horie et al. (1995a,b). Other o ,,-adreno-
ceptor selective agonists have also been reported, including
SDZ NVI 085 (3,4,4a,5,10,10ahexahydro-6-methoxy-4-
methyl-9-methylthio-2 H-naphth [2,3-b]-1,4-oxazine hydro-
chloride; Hancock, 1996) and A61603 ( N-[5-(4,5-dihydro-
1H-imidazol-2yl)-2-hydroxy-5,6,7,8-tetrahydro naph-
thalen-1-yl] methanesulfonamide hydrobromide; Knepper
et al., 1995). These studies suggested that noradrenaline
and adrenaline activate all three o ,-adrenoceptor subtypes
with similar potencies, but that many synthetic agonists
show significant selectivity between subtypes.

There is a clear need for additional selective agonists
and antagonists, particularly for the o, and o,y sub-
types. Such compounds would be very useful in alowing
guantitative evaluation of the distribution of subtypes by
radioligand binding assays, and in defining their functional
roles. However, the lack of clearly defined potential thera-
peutic applications for such compounds reduces the likeli-
hood of their identification.

6. Structural determinants of selectivity

The role of particular domains and/or amino acid
residues of the receptors in determining their drug speci-
ficities have begun to be elucidated. The aspartate in the
third transmembrane domain and the two serines in the
fifth transmembrane domain that are conserved in all
catecholamine receptors probably interact with the proto-
nated amine and two hydroxyls of the catecholamines, in a
manner analogous to that reported for the 3,-adrenoceptor.
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However, there is a significant difference in orientation of
the catechal ring in the binding pocket due to a further
separation of the serines in the «;-adrenoceptors (Hwa and
Perez, 1996).

Using oxymetazoline, cirazoline and methoxamine as
o, -adrenoceptor selective agonists, Hwa et al. (1995)
used site-directed mutagenesis to identify critical residues
in a,;, and o,g-adrenoceptors responsible for apparent
differences in agonist binding potency. They found that
conversion of aanine®* to valine in the fifth transmem-
brane domain and leucine®* to methionine in the sixth
transmembrane domain of the o5 subtype increased the
affinity of these selective agonists until they were similar
to their affinities for the o,, subtype. The reciproca
double mutant in the o,,-adrenoceptor decreased the
affinities of these agonists so that they were similar to the
a 5. Hwa et al. (1995) developed a model suggesting that
these two residues are critically involved in subtype-selec-
tive agonist binding, and may interact structurally within
the receptors.

Similar studies with antagonists and the use of a5 /o5
chimeras allowed identification of residues involved in
subtype-selective antagonist binding (Zhao et al., 1996).
This study suggested that the fifth transmembrane domain
and a portion of the second extracellular loop are critically
important in subtype-selective antagonist binding. In par-
ticular, three adjacent residues located on the extracellular
loop of the fifth transmembrane domain appeared to be
fully responsible for the higher antagonist affinity for
a5 -adrenoceptors. This suggests that o ;-adrenoceptor an-
tagonists may bind near the surface of the receptor, rather
than deep within the transmembrane domains like the
agonists. Involvement of the second transmembrane do-
main in specifying the selectivity of niguldipine deriva-
tives between the o, and «,, subtypes was also reported
by Hamaguchi et al. (1996).

Other than these studies, little is known about the
molecular determinants of the pharmacological differences
between o ;-adrenoceptor subtypes. Additional information
would clearly be useful in helping to predict structures of
additional subtype-selective drugs.

7. G protein coupling

a,-Adrenoceptors belong to the larger family of G, ;-
coupled G protein coupled receptors, which initiate signals
by activating phospholipase C-dependent hydrolysis of
phosphatidylinositol 4,5, bisphosphate. This enzyme gener-
ates the second messengers inositol (1,4,5) trisphosphate,
which releases Ca?* from intracellular stores, and diacyl-
glycerol, which synergizes with Ca2* to activate protein
kinase C (Minneman, 1988; Hieble et d., 1995; Fig. 3).
The G, ,,; family of G proteins contains four o subunits,
aq and ay; which are coexpressed in most cells, and a4,
and o, which show a much more restricted distribution.

Coupling of individual «,-adrenoceptor subtypes to
different a subunits of the G, ,,; family has been exam-
ined by transient overexpression of both receptor and G
protein a subunits in monkey kidney COS-7 cells. These
studies showed that all three o;-adrenoceptor subtypes
could couple to phospholipase C through o, and a4, only
oy, and a5 subtypes coupled to «,,, and only a,g
coupled to s (Wu et a., 1992). Coupling of al three
a,-adrenoceptor subtypes to both G, and G is supported
by studies from Wise et al. (1995). These investigators
showed that agonist treatment of rat 1 fibroblasts express-
iNg a,, 0,5 O o,p-adrenoceptors accelerated degrada-
tion of both o, and «,;. These studies suggest that
individual receptors can activate multiple G protein «
subunits, but also support some specificity in G protein
activation.

The reciprocal knockout experiments have been re-
ported recently with surprising results. Xu et a. (1998)
examined o ;-adrenoceptor mediated responses in pancre-
atic and submandibular gland cells from mice genetically
deficient in individual G protein o subunits. These cells
normally express three of the four G, ,4; a subunits (a,
aq, and ay,). Surprisingly, knockout of each of these a
subunits individually had no measurable effect on Ca?*
responses to adrenaline in these cells, or on signals gener-
ated by activation of other receptors acting through this G
protein family. The authors interpreted these results to
suggest that receptors promiscuously activate all G,y
family members, and if one of these is removed the
remaining family members can fully compensate for its
absence. More recent studies have suggested that signaling
specificity may be conferred by interaction with RGS
(Regulators of G Protein Signaling) proteins (Xu et al.,
1999).

The use of antisense oligonucleotides to address the
importance of particular G protein o subunitsin o« ,-adreno-
ceptor mediated responses has suggested the contradic-
tory hypothesis that o, and «,; mediate distinct func-
tions. Using myocytes from rat portal vein, Macrez-
Lepretre et a. (1997) showed that antisense knockout of
o but not oy, reduced the Ca?* response in the absence
of extracellular Ca®", while in the presence of extracellular
Ca?* antisense knockout of «,; reduced store-operated
Ca’" influx. This suggests different functional roles for o,
and o,,. The difference between the genetic and antisense
knockout experiments is not yet clear, although it may be a
result of phenotypic differences between cells, differences
in the o,-adrenoceptor subtype(s) involved, and/or the
influence of RGS proteins (Xu et al., 1999).

The domains of the o,5-adrenoceptor involved in cou-
pling to G,,;;,-mediated phospholipase C activation were
first studied by Cotecchia et al. (1990). Using chimeric
a5/ B,-adrenoceptor constructs, these investigators
demonstrated the critical importance of the third cytoplas-
mic loop in coupling to inositol phosphate formation, and
the relative unimportance of the C-terminal tail. This is
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Fig. 3. Traditional signaling pathways activated by «,-adrenoceptor subtypes. Binding of noradrenaline to the membrane spanning receptor is known to
activate the G4, family of heterotrimeric G proteins. The a and /vy subunits dissociate and activate phospholipase C (PLC)-beta. This enzyme
hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP,) into two products, inositol(1,4,5)trisphosphate (IP;) and diacylglycerol (DAG). IP; binds to
receptors on the endoplasmic reticulum to release stored intracellular Ca?*. This released Ca?* acts synergistically with DAG to activate protein kinase C
(PKC), which phosphorylates specific target proteins in the cell to change their functions.

similar to results with many other G protein coupled
receptors, and is supported by studies showing that overex-
pression of the third cytoplasmic loop of the o ,5-adrenoc-
eptor inhibits coupling of this receptor, but not other
receptors, to inositol phosphate formation (Luttrell et al.,
1993).

Recombinant «,5-adrenoceptors have aso been re-
ported to couple to other G proteins, particularly Go,
(Blitzer et al., 1993) and Gag (Horie et a., 1995ab)
following overexpression, although the functional rele-
vance of this coupling is not yet clear. Studies with
specific G protein antibodies have supported the hypothe-
sisthat native o5 (but not o;, Or a;p)-adrenoceptors can
also couple to Ga, in rat aortic smooth muscle (Gurdal et
al., 1997), suggesting a functional role for this coupling.
a,-Adenoceptors have also been shown to activate a high
molecular weight G protein G,, which is transglutaminase
Il (Nakaoka et al., 1994). It has been reported that activa-
tion of G, occurs only by transfected o,z and o, sub-
types, and not a.,, (Chen et al., 1996), and is independent
of its transglutaminase activity. However, the role of G, in
cellular responses to catecholamines is still obscure.

8. Coupling to other second messenger systems

A variety of other signaling pathways have also been
shown to be activated by «,-adrenoceptors (Minneman,

1988). These include Ca** influx, arachidonic acid re-
lease, and phospholipase D activation. Shortly after the
existence of pharmacologically distinct «,-adrenoceptor
subtypes was recognized, Han et al. (1987b) suggested that
the o;, Subtype coupled selectively to voltage-gated Ca?*
influx in smooth muscle. This hypothesis was supported by
some studies (Tsujimoto et al., 1989; Han et al., 1990;
Suzuki et al., 1990; Han and Minneman, 1991), but not
others (Sulpizio and Hieble, 1991), and it now seems clear
that such responses are not specific to a single o ;-adrenoc-
eptor subtype.

The mechanisms by which Ca2* influx is increased
following o ,-adrenoceptor activation are not always com-
pletely clear. As with most G, linked receptors, activa-
tion of o,-adrenoceptors often activates a capacitative
Ca* influx which is not voltage-gated and not blocked by
dihydropyridine Ca?* channel blockers (Minneman, 1988).
In rat portal vein myocytes, for example, o ;-adrenoceptors
cause Ca’*-activated Ca?* influx that replenishes intra-
cellular Ca?* stores through a mechanism involving o,
(Macrez-Lepretre et a., 1997). Similarly, activation of
o -adrenoceptors in rat aorta also activates capacitative
Ca?" entry subsequent to the initial increase in intra-
cellular Ca2" (Noguera et a., 1997).

However, o ,-adrenoceptor activation also increases di-
hydropyridine-sensitive Ca®* influx (presumably through
voltage-gated channels) in some tissues but not others.
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Zhang et al. (1998) showed that activation of «,-adrenoc-
eptors potentiated L-type Ca?* currents in rat ventricular
myocytesin a protein kinase C dependent manner, suggest-
ing that such effects may be secondary to increases in
intracellular Ca?* and activation of protein kinase C.
However, o,-adrenoceptors may also couple directly to
activation of Ca?* channels in some cells. In rat medullary
thyroid carcinoma 6-23 cells, activation of «qg-like
adrenoceptors increased dihydropyridine-sensitive Ca?™*
influx in a manner independent of release of intracellular
Ca*, activation of phospholipase C and/or activation of
protein kinase C (Esbenshade et al., 1994). Since this
increase in intracellular Ca?* was blocked by removal of
extracellular Ca?*, and occurred even in presence of thap-
sigargin, it suggested that there might be a direct coupling
between these receptors and voltage-dependent Ca?* in-
flux.

Other signaling pathways have also been shown to be
activated by «;-adrenoceptors. Burch et al. (1986) showed
that stimulation of «,-adrenoceptors in a rat thyroid cell
line increased release of arachidonic acid, which in turn
mediated a noradrenaline-stimulated cell replication. Other
studies have shown that stimulation of «,-adrenoceptors
can cause arachidonic acid release in many cells (Kanter-
man et al., 1990; Blue et al., 1994), either through activa-
tion of phospholipase A, (Kanterman et a., 1990; Nishio
et a., 1996; Xing and Insel, 1996) or phospholipase D
(Ruan et al., 1998). Some evidence suggests that such
increases in arachidonic acid release require extracellular
Ca?" but are independent of increases in intracellular
Ca?" (Kanterman et a., 1990), suggesting a role for
phospholipase A ,. Studies in rabbit aortic smooth muscle
cells support the involvement of a pertussis toxin sensitive
G protein (Nishio et al., 1996), while other studies provide
evidence for the involvement of protein kinase C or mito-
gen activated protein kinase pathways. Perez et al. (1993)
directly compared activation of arachidonic acid release by
a,5- and o, p-adrenoceptors after overexpression in two
different cell lines. Their studies found that both subtypes
can cause this response in both cell lines, but by different
mechanisms. In COS-1 cells, arachidonic acid release was
mediated through phospholipase A , activation, involved a
pertussis toxin-sensitive G protein, and required Ca?*
influx through dihydropyridine-sensitive channels. In CHO
cells, however, dightly different mechanisms were ob-
served. Even though CHO cells lack voltage-sensitive
Ca?" channels, both subtypes were still able to activate
arachidonic acid release. Therefore o ,5- and o ;,-adreno-
ceptor subtypes can couple to phospholipase A , activation
via a pertussis toxin-sensitive pathway in CHO cells, and a
single o,-adrenoceptor subtype can activate arachidonic
acid release through different mechanisms in different
cells.

More recently, activation of arachidonic acid release
has been shown to be downstream of mitogen activated
protein kinase pathways. In Madin-Darby canine kidney

cells, immunoprecipitation studies combined with specific
inhibitors showed that an 85-kD cytosolic phospholipase
A, was activated by o;-adrenoceptor stimulation. This
activation was blocked by PD 98059, a specific inhibitor
of mitogen activated protein kinase pathways, which also
inhibited adrenaline-promoted arachidonic acid release.
Down-regulation or inhibition of protein kinase C also
blocked mitogen activated protein kinase activation and
arachidonic acid release. Therefore, «,-adrenoceptors ap-
pear to regulate arachidonic acid release through phospho-
rylation-dependent activation of phospholipase A, by mi-
togen activated protein kinases, subsequent to activation of
protein kinase C in these cells (Xing and Insel, 1996).
Whether this represents a general mechanism for o ,-adren-
oceptor activation of phospholipase A, remains to be
tested.

Activation of phospholipase D by o ,-adrenoceptor sub-
types has also been studied (Llahi et al., 1992; Balboa and
Insel, 1998, Ruan et a., 1998). Although the mechanisms
involved in this activation are poorly understood, arole for
protein kinase C has been proposed. Balboa and Insel
(1998) studied activation of phospholipase D stimulated by
adrenaline in Madin-Darby canine kidney cells. They found
that although adrenaline stimulated protein kinase Co and
protein kinase Ceg, this was not associated with activation
of phospholipase D. Furthermore, blocking phospholipase
C activation with neomycin did not significantly decrease
adrenaline-stimulated phospholipase D activity. Chelation
of extracellular Ca?* markedly inhibited phospholipase D
activation, suggesting a role for Ca?* in phospholipase D
activation by o ,-adrenoceptors. Ruan et al. (1998) studied
o ,-adrenoceptor-mediated stimulation of arachidonic acid
release by activation of phospholipase D in Rat-1 fibrob-
lasts. After overexpression, o,,-adrenoceptors increased
arachidonic acid release, CAMP levels, and phospholipase
D activity. The increase in arachidonic acid release was
attenuated by inhibition of phospholipase D, and by in-
creases in cyclic AMP caused by forskolin or addition of a
non-hydrolyzable analog of CAMP. They also showed that
all three subtypes of adrenoceptors were able to activate
phospholipase D in these cells, athough to different ex-
tents (o0 > 45 > ayp). Therefore, al three o,-adrenoc-
eptor subtypes appear to be able to activate phospholipase
D, although the mechanisms may differ in different cell

types.

9. Mitogenic responses

Mitogenic responses have traditionally been thought to
be activated primarily by peptide growth factors, such as
epidermal growth factor and nerve growth factor. Growth
factor receptors consist of single polypeptide chains con-
taining a single transmembrane domain. These receptors
have intrinsic tyrosine kinase activity and dimerize in
response to agonist occupation. Mitogenic responses are
caused by a conserved cascade of events including recep-
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tor phosphorylation, binding of adaptor proteins, such as
Shc and Grb2, and eventually recruitment and activation of
the small molecular weight G protein Ras. Ras then acti-
vates Raf, which activates downstream mitogen activated
protein kinase cascades (reviewed in Davis, 1993). It is
now clear that G-protein coupled receptors can rapidly
activate mitogen-activated protein kinase pathways, and
this activation plays an important role in regulation of cell
proliferation and growth. Despite intensive study, the
mechanisms underlying the mitogenic effects of G protein
coupled receptor activation are still not well understood.
G protein coupled receptors acting through G, G;, and
Gg, 11, have al been shown to activate mitogen activated
protein kinase pathways (Howe and Marshall, 1993; Winitz
et al., 1993; Crespo et a., 1995; Lev et a., 1995; Van
Bliesen et a., 1995; Dikic et al., 1996), although the
mechanisms involved appear to be dependent on cell phe-
notype (Fig. 4). In some cases, activation of these path-
ways is downstream of known second messengers such as
cyclic AMP (Crespo et al., 1995), Ca?* (Lev et al., 1995;
Dikic et al., 1996), and/or protein kinase C (Della Rocca
et al. 1997). In other cells, however, o and/or By

subunits may directly or indirectly activate the Ras/Raf
pathway through adapter proteins, tyrosine kinases, and /or
phosphoinositide-3-kinase (Lopez-llasaca et al., 1997). Ac-
tivation of these pathways by G, coupled receptors may
require the By subunits of G proteins, since sequestration
of By subunits often inhibits mitogen activated protein
kinase activation (Yamauchi et al., 1997). For G, coupled
receptors, however, the mechanisms are not yet clear. Both
a, and By mediated activation of mitogen activated pro-
tein kinases have been proposed.

a,-Adrenoceptors, like other G-protein coupled recep-
tors, activate mitogenic responses in a variety of cell types
and play important roles in regulating cell growth and
proliferation. o ,-Adrenoceptor agonists stimulate hypertro-
phy in cultured neonatal rat ventricular myocytes (LaMorte
et a., 1994), and overexpression of a congtitutively active
mutant of the o,g-adrenoceptor in cardiac myocytes in-
duces myocardia hypertrophy in transgenic animals
(Milano et da., 1994). Other studies have shown that
o ,-adrenoceptors can activate various mitogen activated
protein kinase pathways in many cells and tissues, and
may play an important role in regulating cell growth

¢
o /‘/
@
&

Fig. 4. Mitogenic signaling mechanisms activated by growth factor and G protein coupled receptors. Growth factors (GF) are known to activate various
mitogen activated protein kinase (MAPK) pathways through activation of a cascade of tyrosine phosphorylation and protein—protein association. This
involves the adapter proteins Shc, Grb2, and mSOS which associate to activate the small molecular weight G protein Ras. Ras activates a cascade of dual
specificity kinases called Raf and MEK, ultimately activating the serine/threonine kinase ERK's, which phosphorylate specific transcription factors. The
mechanisms by which biogenic amines act through G protein coupled receptors to activate these pathways are much less clear. There may be direct
transactivation of the growth factor receptors, effects of various second messengers such as Ca?* and protein kinase C (PKC), direct effects of various G
protein subunits, or other mechanisms involved. They may involve various tyrosine kinases, including Pyk2, Csk, Src, Btk and/or Lyn; adapter proteins
such as Shc; possibly with the involvement of phosphoinositide-3-kinase (PI3K). The mechanisms may be highly dependent on cell phenotype.
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(Ramirez et al., 1997; Spector et al., 1997; Alexandrov et
al., 1998; Lazou et al., 1998). Zechner et al. (1997) studied
the role of o-adrenoceptor stimulated mitogen activated
protein kinases in myocardia cell hypertrophy. Treatment
of myocardial cells with the «o;-adrenoceptor agonist
phenylephrine induced the hallmark features of cardiac cell
hypertrophy: increases in cell size, sarcomeric organiza
tion, and induction of certain cardiac-specific genes.
Phenylephrine, in the presence of propranolol to block
B-adrenoceptors, also stimulated the dual-phosphorylation
of p38 mitogen activated protein kinase, extracellular sig-
nal regulated protein kinase, and to a lesser extent, c-Jun-
NH, termina kinase. They further showed that a specific
p38 inhibitor was able to block all the hypertrophic re-
sponses stimulated by phenylephrine, suggesting that o ;-
adrenoceptors can affect cardiac cell hypertrophy by acti-
vation of p38 mitogen activated protein kinases.

Ramirez et al. (1997) also studied the effect of -
adrenoceptor activation on cardiac cell hypertrophy, specif-
ically transcriptional activation of atrial natriuretic factor
gene expression by o ,-adrenoceptor stimulation and over-
expression of Ras. Treatment with phenylephrine activated
extracellular signal regulated kinases and c-Jun-NH,, ter-
minal kinase, however overexpression of Ras only acti-
vated c-Jun-NH, terminal kinase and caused little increase
in extracellular signal regulated kinase activity. This study
suggests a pathway involving Ras and ¢c-Jun-NH, terminal
kinase is involved in «,-adrenoceptor regulated atrial na-
triuretic factor gene expression. Spector et al. (1997) stud-
ied the role of «,- and B,-adrenoceptor stimulated mito-
gen activated protein kinases in quiescent and regenerating
rat hepatocytes. o ,-Adrenoceptors activated all three arms
of mitogen activated protein kinase pathway in quiescent
cells. However, p38 mitogen activated protein kinase
played a more important role than extracellular signal
regulated kinases, since a specific p38 inhibitor effectively
inhibited cell proliferation.

o -Adrenoceptors also regulate smooth muscle growth.
Xin et al. (1997) studied the role of o,-adrenoceptors in
catecholamine regulation of smooth muscle cell growth.
Noradrenaline, probably acting through o,y-adrenocep-
tors, caused rapid and transient activation of extracellular
signal regulated protein kinases and increased protein syn-
thesis and cell size. These responses were inhibited by the
selective inhibitor of extracellular signal regulated kinases
PD 98059. These data suggest that smooth muscle cell
growth induced by noradrenaline may be mediated by
o ;p-adrenoceptors that couple to activation of extracelluar
signal regulated kinase cascades.

In rat pheochromacytoma PC12 cells transfected with
a5 -&drenoceptors, noradrenaline aso activates all three
major arms of the mitogen activated protein kinase path-
way. Noradrenaline treatment of o ,,-transfected PC12
cells activates extracellular signal regulated protein ki-
nases, c-Jun-NH -terminal kinases, and p38 mitogen acti-
vated protein kinases (Williams et al., 1998). In o ,-trans-

fected PC12 cells, noradrenaline also causes cells to differ-
entiate into a neuronal like phenotype similar to that
caused by treatment with nerve growth factor.

It is clear that «,-adrenoceptors can activate a variety
of mitogen activated protein kinase pathways to regulate
various cellular functions. The mechanisms involved in
this regulation are likely to depend on the particular cellu-
lar environment and phenotype. The multiple pathways
may also interact with each other in unexpected ways.
Recently, Alexandrov et al. (1998) showed that activation
of p38 mitogen activated protein kinase by o ,-adrenocep-
tors in Rat-1 cells had a negative effect on activation of
extracellular signal regulated kinases. However, the signif-
icance of this regulation and its consequences need further
study.

10. Involvement of second messengers in mitogenic
responses

Not surprisingly, activation of extracellular signal regu-
lated protein kinases by receptors coupled to pertussis
toxin-sensitive G; proteins and pertussis toxin-insensitive
Gy 11 Proteins appear to involve different mechanisms
(Hawes et a., 1995). Receptors coupled to G;, such as
o ,-adrenoceptors, appear to activate extracellular signa
regulated protein kinases through release of By subunits,
since responses to these receptors are often blocked by
coexpression of an intracellular sequestrant of free By
subunits. In addition, transient expression of 3+, but not
a;, is often sufficient to induce Ras-dependent extracellu-
lar signal regulated protein kinase activation.

For G,,,, coupled receptors, however, the mechanism
of activation of mitogen activated protein kinase pathways
is not completely clear. Some evidence supports the idea
that both o and By subunits may be involved (Y amauchi
et al., 1997). Other studies have examined the role of
downstream second messengers in G, ,,; coupled receptor
mediated mitogen activated protein kinase activation. Pro-
tein kinase C-dependent (Hawes et al., 1995), fully-protein
kinase C independent (Charlesworth and Rozengurt, 1997)
and partially protein kinase C-independent (Crespo et 4.,
1994) mechanisms have been reported.

Bogoyevitch et al. (1996) studied adrenoceptor stimula
tion of mitogen-activated protein kinase pathways in car-
diac ventricular myocytes. These investigators showed that
prolonged phorbol ester exposure partially down-regulated
the activation of mitogen-activated protein kinases by nor-
adrenaline but not by isoprenaline, implicating a role for
protein kinase C in the o ,-adrenoceptor response. Unfortu-
nately, the particular o ,-adrenoceptor subtype involved
was not clearly identified. Romanelli and van de Werve
(1997) investigated the role of protein kinase C in activa
tion of mitogen-activated protein kinases in isolated rat
hepatocytes. These authors showed that adrenaline stimu-
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lated mitogen activated protein kinase activity was inhib-
ited by pretreatment of hepatocytes with the protein kinase
C inhibitor Ro-31-8220, suggesting the involvement of
protein kinase C in this response.

We studied the role of Ca?* and protein kinase C in
o ,-adrenoceptor mediated activation of mitogen-activated
protein kinase pathways in PC12 cells. In PC12 cells
stably transfected with the human «,,-adrenoceptor, nor-
adrenaline strongly activated both extracellular signal regu-
lated kinases and c-Jun-NH,-terminal kinases. These re-
sponses were not mediated by increases in intracellular
Ca™, since depletion or chelation of intracellular Ca2*
stores had no effect on these responses (Berts et al., 1999).
In addition, inhibition of protein kinase C did not affect the
o ,-adrenoceptor response, athough it blocked similar re-
sponses to phorbol esters. These results suggest that Ca?*
release and protein kinase C activation are neither neces-
sary nor sufficient for o, ,-adrenoceptor mediated activa
tion of mitogenic responses in PC12 cells. Overdl, there-
fore, it is clear that o,-adrenoceptors can mediate activar
tion of mitogen activated protein kinase pathways through
both protein kinase C sensitive (Hawes et a., 1995) and
insensitive pathways. It is likely that the mechanisms
involved may be highly dependent on cell phenotype.

11. Activation of tyrosine kinases and small G proteins

Other than Ca?" and protein kinase C, a number of
studies have tried to identify other signaling molecules
involved in activation of mitogen activated protein kinase
pathways. It has been proposed that G; coupled receptors
activate mitogen activated protein kinase pathways through
B~y activation of Ras. By dimers have been shown to be
sufficient to induce Ras activation, as shown by the in-
duced accumulation of Ras in the GTP-bound active form
(Koch et ., 1994). Ras involvement in responses to G4,
coupled receptors is not yet completely clear. In neonatal
rat ventricular myocytes, stimulation of «,-adrenoceptors
activates c-Jun NH, terminal kinase in a Ras-dependent
manner, and this pathway is involved in cardiac hypertro-
phy (Ramirez et a., 1997). In the same study, however, a
constitutively active Ras mutant was not able to increase
extracellular signal regulated protein kinase activity.
Therefore, Ras activation may be selectively involved in
activation of c-Jun NH, terminal kinase but not extracellu-
lar signal regulated protein kinase.

LaMorte et al. (1994) studied the role of «, and Rasin
o,-adrenoceptor stimulated atrial natriuretic factor gene
expression. Although introduction of a constitutively active
form of «, was sufficient to induce expression of atrial
natriuretic factor, coexpression of an inhibitory form of
Ras along with a constitutively activated a , did not inhibit
atrial natriuretic factor expression stimulated by activated
. Studies by Della Rocca et &. (1997) examined the role
of Ras in az-adrenoceptor stimulated extracellular signal

regulated protein kinase activation. Their results showed
that this response was attenuated by coexpression of a
dominant negative mutant of Ras, suggesting that Ras may
participate in this pathway. Hu et al. (1999) studied the
activation of Ras by o .- and a,g-adrenoceptors in trans-
fected NIH3T3 cells. Activation of both subtypes activated
Ras and stimulated guanine nucleotide exchange. Overex-
pression of a dominant negative Ras mutant attenuated
a,5- but not «,,-adrenoceptor mediated activation of
phosphatidylinositol-3-kinase. Therefore, both receptor
subtypes were able to activate Ras, but with divergent
downstream effect.

Other molecules in the Ras superfamily, such as Rho,
may aso be involved in cellular responses to o ;-adreno-
ceptor activation. Sah et a. (1996) studied «,-adreno-
ceptor-mediated hypertrophy in neonatal rat ventricular
myocytes. Dominant negative inhibitors of Rho markedly
attenuated atrial natriuretic factor reporter gene expression
induced by phenylephrine. However, these inhibitors were
not able to block the activation of extracellular signal
regulated kinase by phenylephrine, or Ras induced atria
natriuretic factor gene activation. Since activated Rho and
Ras produced a large synergistic effect on atrial natriuretic
factor-luciferase gene expression, they concluded that Rho
functions in a pathway separate from Ras. Their results
suggest that Rho is an effector of «, signaling, and may
be involved in o ;-adrenoceptor mediated regulation of cell
growth.

Recent studies have suggested a role for non-receptor
tyrosine kinases in G, ,;; coupled receptor mediated mito-
genic responses. Tyrosine kinase inhibitors can block mito-
genic responses to «;-adrenoceptors in some preparations
(Thorburn and Thorburn, 1994). The tyrosine kinase Pyk2
was originally cloned as a focal adhesion kinase related
tyrosine kinase, and can be activated by G,,,; coupled
receptors in both protein kinase C sensitive and insensitive
manners (Lev et a., 1995). Dikic et al. (1996) showed that
activation of bradykinin receptors induced tyrosine phos-
phorylation of Pyk2 and complex formation between Pyk2
and activated Src. Tyrosine phosphorylation of Pyk2 leads
to binding of the SH2 domain of Src, and therefore
activation of Src. Overexpression of a dominant interfering
mutant of Pyk2 or a negative regulator of Src kinase
activity (Csk) inhibited activation of Pyk2 by G protein
coupled receptors. Therefore, it was proposed that Pyk2
acts with Src to link G ,;,-coupled receptors to MAPK
activation.

Della Rocca et al. (1997) examined the activation of
extracellular signal regulated protein kinases by og-
adrenoceptors in human embryonic kidney 293 cells. o -
adrenoceptor mediated activation of extracellular signa
regulated protein kinases was attenuated by expression of a
dominant-negative mutant of Pyk2, a dominant negative
mutant of Src, or by a negative regulator of Src, Csk.
These studies established a role for Pyk2 and Src in
a,-adrenoceptor stimulated mitogenic responses. We stud-
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ied activation of Pyk2 by «,,-adrenoceptors in transfected
PC12 cells. In these cells, noradrenaline strongly stimu-
lated phosphorylation of Pyk2, however, this response was
not dependent on increases in intracellular Ca2*. There-
fore, it is clear that o ,-adrenoceptors activate non-receptor
tyrosine kinases in a variety of cell lines. However, how
receptor activation is linked to tyrosine kinase activation
and mitogenic responses remains to be clarified. Different
sets of converging or paralel pathways may be activated
in different cell types, and the fina response may depend
on integration of multiple signals.

12. Relative coupling efficiencies

Itis clear that all three o ;-adrenoceptor subtypes couple
to phospholipase C through the G, ,,; family to increase
intracellular Ca2*. However, the three cloned subtypes
have been found to have different efficiencies in activating
this pathway. Schwinn et al. (1991) first reported that the
a5 -adrenoceptor was more efficient than the o, g-adren-
oceptor in activating inositol phosphate formation. Perez et
a. (1993) studied the coupling of expressed «,z- and
o ,p-adrenoceptors to different signaling pathways in dif-
ferent cell lines. Their studies showed that both o ,5- and
a,g-subtypes coupled to phosphoinositide hydrolysis
through a pertussis toxin-insensitive G protein, athough
the coupling efficiencies of the two subtypes were not
directly compared.

A systematic comparison of recombinant human o ;-
adrenoceptors expressed at similar densities in human em-
bryonic kidney 293 cells found that agonist-occupied o ;-
adrenoceptor subtypes showed substantial differences in
their ability to increase both inositol phosphate accumula-
tion and intracellular Ca?* (a5 > 45 > g5 Theroux et
al., 1996). Similar results were obtained in human SKNMC
neuroepithelioma cells, where different maximal responses
were obtained following activation of each subtype, both
for inositol phosphate formation (o > a5 > a;p) and
Ca?* release (aqy > a5 > aqp). Taguchi et al. (1998)
also compared the coupling of «,-adrenoceptor subtypes
to these responses, and examined activation of protein
kinase C in rat-1 fibroblasts. A similar order of coupling
efficiency was observed for the three subtypes for inositol
phosphate formation (o, > a5 > a;p) and Ca&* (g >
aqg > ayp) responses, athough the receptors were ex-
pressed at higher and variable densities. They also found
that human o ,,- and o ,5-adrenoceptors activated protein
kinase C a, 8, and &, while a,,-adrenoceptors did not
give consistent protein kinase C activation.

Different subtypes of «,-adrenoceptors may play differ-
ent roles in controlling growth, differentiation, and cell
fate through selective activation of one or more mitogen
activated protein kinase pathways. Chen et a. (1995)
studied the regulation of vascular smooth muscle growth
by adrenoceptor subtypes. Although all three subtypes of
adrenoceptors are expressed in these cells, only the g

subtype appeared to be involved in smooth muscle cell
growth. Blocking the other subtypes actually potentiated
the response. These authors proposed that prolonged stimu-
lation of «,5-adrenoceptors induces hypertrophy of arterial
smooth muscle cells, and other adrenoceptors attenuate this
response.

Other studies have compared the efficiencies of the
three o ;-adrenoceptor subtypes in activating mitogenic
responses. Siwik and Brown (1996) studied the regulation
of protein synthesis by «;-adrenoceptor subtypes in cul-
tured rabbit aortic vascular smooth muscle cells. Competi-
tion binding studies with subtype selective antagonists
showed that these cells express mainly «,5-adrenoceptors
(75%) relative to o, ,-adrenoceptors (25%). These sub-
types increased protein synthesis in proportion to their
relative abundance. Therefore, o ,5-adrenoceptors predom-
inated in coupling to metabolic responses, in contrast to
reports that contractile responses in the same tissue are
preferentially mediated by «,,-adrenoceptors. Wenham et
al. (1997) studied the coupling of three o ,-adrenoceptor
subtypes in cultured neonatal rat cardiac myocytes. Al-
though mRNA transcripts for the o ,-, og- and o -
adrenoceptor subtypes were detected, binding sites for only
the a;,- and o g-adrenoreceptors were detected. This
study showed that phenylephrine-induced activation of mi-
togen activated protein kinase cascades appeared to be
mediated by a subtype resembling most closely the phar-
macological profile of the a,5. These studies support the
idea that mitogenic responses may be caused by multiple
o ,-adrenoceptor subtypes.

We directly compared the coupling of «,-adrenoceptor
subtypes to mitogenic responses in PC12 cells. We ex-
pressed each subtype under control of an inducible pro-
moter, and compared their coupling to common second
messenger responses as well as their ability to activate
various mitogen activated protein kinase pathways (Zhong
and Minneman, 1999a). At similar receptor densities, cou-
pling to inositol phosphate formation and intracellular
Ca?* was similar to that observed in other cell lines
(aqp > g5 > ayp). For mitogenic responses, the o, ,-sub-
type was able to strongly activate all three arms of the
pathway (extracellular signal regulated kinases, c-jun-
NH ,-terminal activated kinases, and p38 mitogen activated
protein kinases), the o,z was weaker in stimulating these
responses, and the o, only weakly activated extracellular
signal regulated kinases. These differences were not due to
subclone variation since nerve growth factor gave consis-
tent responses in al subclones tested. Therefore, clear
differences exist among the three adrenoceptor subtypesin
their ability to activate various mitogenic responses, al-
though the functional significance of thisis not yet known.

13. Potential protein binding partners

Recently it has become clear that G protein coupled
receptors can interact directly with proteins other than G
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proteins. It is becoming increasingly likely that these pro-
teins form macromolecular signaling complexes similar to,
but different from those formed by growth factor receptors.
Discrete sequences on the C-terminal tails of a number of
receptors have been shown to bind directly to proteins
containing PDZ domains, and interaction with other types
of proteins have also been reported. This has been best
studied with the B,-adrenoceptor, which was recently re-
ported to bind directly to the sodium /hydrogen exchanger
regulatory factor via a C-terminal motif (Hall et a., 1997,
1998). Agonist activation of the receptor causes release of
this factor, modulating sodium/hydrogen exchange. The
B ,-adrenoceptor is phosphorylated on a tyrosine residue in
the C-terminal tail to form an SH2 domain, which then
interacts with the adapter molecule Grb2 (Shih and Mal-
bon, 1998). B,-Adrenoceptors have also been shown to
form a complex with phosphatases, kinases and anchoring
proteins (Shih et al., 1999), and it is not yet clear exactly
how many proteins interact directly with the receptor.

No such interactions have yet been reported for o;-
adrenoceptor subtypes. However, it is intriguing that the
consensus motif for the binding of the immediate-early
gene Homer to metabotropic glutamate receptors is found
in the C-terminal tail of the a,-adrenoceptor, but not the
ag, Or agg (Tuet al., 1998). If such interactions occur in
the «o,-adrenoceptor family, it might provide additional
understanding of the biological importance of the C-termi-
nal splice variants which have been reported (Hirasawa et
al., 1995; Chang et a., 1998).

14. Future directions

Despite the enormous progress already made in identifi-
cation and analysis of «;-adrenoceptor subtypes, there are
still many important questions to be answered. Develop-
ment of more selective agonists and antagonists will allow
a clearer understanding of the tissue distribution and func-
tional roles of individua subtypes. It will be important to
determine whether multiple subtypes coexist on single
cells, and the impact this might have on signals generated
by individual subtypes. The mechanisms by which these
receptors activate mitogenic responses, and their relation-
ship to known signaling pathways is an area of intense
investigation. The possibility of novel subtype-specific
signaling pathways, possibly involving direct interactions
of these receptors with additional signaling proteins such
as Homer, is very exciting. Potential regulation of such
interactions by agonists and/or by other proteins or signal-
ing molecules raises the possibility of completely new
mechanisms regulating signaling by these receptors. The
possible role of C-terminal splice variants of o ,,-adreno-
ceptors in controlling such interactions, and the possible
existence of analagous splice variants for a,5 and o;p
subtypes remains to be determined. Despite continuing
progress, there is much yet to be discovered.

Acknowledgements

Supported by grants from the National Institutes of
Health.

References

Alexandrov, A., Keffel, S., Goepel, M., Michel, M.C., 1998. Stimulation
of alphalA-adrenoceptors in Rat-1 cells inhibits extracellular signal-
regulated kinase by activating p38 mitogen-activated protein kinase.
Mol. Pharmacol. 54, 755-760.

Balboa, M.A., Insel, P.A., 1998. Stimulation of phospholipase D via
aphal-adrenergic receptors in Madin-Darby canine kidney cells is
independent of PKC-alpha and -epsilon activation. Mol. Pharmacol.
53, 221-227.

Berts, A., Zhong, H., Minneman, K.P., 1999. No role for Ca+ + or
protein kinase C in apha-1A adrenergic receptor activation of mito-
gen-activated protein kinase pathways in transfected PC12 cells. Mol.
Pharmacol. 55, 296—303.

Blitzer, R.D., Omri, G., De Vivo, M., Carty, D.J., Premont, R.T., Codina,
J., Birnbaumer, L., Cotecchia, S., Caron, M.G., Lefkowitz, R.J,
Landau, E., lyengar, R., 1993. Coupling of the expressed alpha
1B-adrenergic receptor to the phospholipase C pathway in Xenopus
oocytes. The role of Go. J. Biol. Chem. 268, 7532—7537.

Blue, D.R. Jr., Craig, D.A., Ransom, J.T., Camacho, JA., Insel, PA.,
Clarke, D.E., 1994. Characterization of the aphal adrenoceptor
subtype mediating [*H]-arachidonic acid release and calcium mobi-
lization in Madin-Darby canine kidney cells. J. Pharmacol. Exp. Ther.
268, 588-596.

Boer, R., Grassegger, A., Schudt, C., Glossmann, H., 1989. (+)-
Niguldipine binds with very high affinity to Ca2+ channels and to a
subtype of apha 1-adrenoceptors. Eur. J. Pharmacol. 172, 131-145.

Bogoyevitch, M.A., Andersson, M.B., Gillespie-Brown, J., Clerk, A.,
Glennon, P.E., Fuller, S.J.,, Sugden, P.H., 1996. Adrenergic receptor
stimulation of the mitogen-activated protein kinase cascade and car-
diac hypertrophy. Biochem. J. 314, 115-121.

Burch, R.M., Luini, A., Mais, D.E., Corda, D., Vanderhoek, J.Y., Kohn,
L.D., Axelrod, J., 1986. o,-Adrenergic stimulation of arachidonic
acid release and metabolism in a rat thyroid cell line. Mediation of
cell replication by prostaglandin E,. J. Biol. Chem. 261, 11236-
11241.

Bylund, D.B., Eikenberg, D.C., Hieble, J.P., Langer, SZ., Lefkowitz,
R.J., Minneman, K.P., Malinoff, P.B., Ruffolo, R.R. Jr., Trendelen-
burg, U., 1994. International Union of Pharmacology nomenclature of
adrenoceptors. Pharmacol. Rev. 46, 121-136.

Chang, D.J.,, Chang, T.K., Yamanishi, S.S., Salazar, F.H., Kosaka, A.H.,
Khare, R., Bhakta, S., Jasper, J.R., Shieh, |.S., Lesnick, J.D., Ford,
A.P., Daniels, D.V., Eglen, RM., Clarke, D.E., Bach, C., Chan,
H.W., 1998. Molecular cloning, genomic characterization and expres-
sion of novel human aphalA-adrenoceptor isoforms. FEBS Lett. 422,
279-283.

Charlesworth, A., Rozengurt, E., 1997. Bombesin and neuromedin B
stimulate the activation of p42(mapk) and p74(raf-1) via a protein
kinase C-independent pathway in Rat-1 cells. Oncogene 14, 2323—
2329.

Chen, L., Xin, X., Eckhar, A.D., Yang, N., Faber, J.E., 1995. Regulation
of vascular smooth muscle growth by a phal-adrenoreceptor subtypes
in vitro and in situ. J. Biol. Chem. 270, 30980—-30988.

Chen, S, Lin, F., lismaa, S, Lee, K.N., Birckbichler, P.J., Graham, R.M.,
1996. o 4-Adrenergic receptor signaling via Gh is subtype specific and
independent of its transglutaminase activity. J. Biol. Chem. 271,
32385-32391.

Cotecchia, S., Schwinn, D.A., Randall, R.R., Lefkowitz, R.J., Caron,
M.G., Kobhilka, B.K., 1988. Molecular cloning and expression of the



H. Zhong, K.P. Minneman / European Journal of Pharmacology 375 (1999) 261276 273

cDNA for the hamster alpha-1-adrenergic receptor. Proc. Natl. Acad.
Sci. 85, 7159-7163.

Cotecchia, S., Exum, S, Caron, M.G., Lefkowitz, R.J., 1990. Regions of
the alpha 1-adrenergic receptor involved in coupling to phosphatidyli-
nositol hydrolysis and enhanced sensitivity of biological function.
Proc. Natl. Acad. Sci. 87, 2896—2900.

Crespo, P., Xu, N., Daniotti, J.L., Troppmair, J., Rapp, U.R., Gutkind,
J.S., 1994. Signaling through transforming G protein-coupled recep-
tors in NIH 3T3 cells involves c-Raf activation. Evidence for a
protein kinase C-independent pathway. J. Biol. Chem. 269, 21103—
21100.

Crespo, P., Cachero, T.G., Xu, N., Gutkind, J.S., 1995. Dual effect of
beta-adrenergic receptors on mitogen-activated protein kinase. Evi-
dence for a beta gamma-dependent activation and a G alpha s-=cCAMP-
mediated inhibition. J. Biol. Chem. 270, 25259—-25265.

Davis, R.J.,, 1993. The mitogen-activated protein kinase signal transduc-
tion pathway. J. Biol. Chem. 268, 14553—14556.

Della Rocca, G.J, van Biesen, T., Daaka, Y., Luttrell, D.K., Luttrell,
L.M., Lefkowitz, R.J., 1997. Ras-dependent mitogen-activated protein
kinase activation by G protein-coupled receptors. Convergence of Gi-
and Gg-mediated pathways on calcium/camodulin, Pyk2, and Src
kinase. J. Biol. Chem. 272, 19125-19132.

Dikic, 1., Tokiwa, G., Lev, S., Courtneidge, S.A., Schlessinger, J., 1996.
A role for Pyk2 and Src in linking G-protein-coupled receptors with
MAP kinase activation. Nature 383, 547-550.

Esbenshade, T.A., Han, C., Murphy, T.J., Minneman, K.P., 1993. Com-
parison of apha 1-adrenergic receptor subtypes and signal transduc-
tion in SK-N-MC and NB41A3 neurona cell lines. Mol. Pharmacol.
44, 76-86.

Esbenshade, T.A., Theroux, T.L., Minneman, K.P., 1994. Increased
voltage-dependent calcium influx produced by alpha 1B-adrenergic
receptor activation in rat medullary thyroid carcinoma 6-23 cells.
Mol. Pharmacol. 45, 591-598.

Esbenshade, T.A., Hirasawa, A., Tsuyjimoto, G., Tanaka, T., Yano, J,
Minneman, K.P., Murphy, T.J.,, 1995. Cloning of the human o qp-
adrenergic receptor and inducible expression of three human subtypes
in SKNMC cells. Mol. Pharmacol. 47, 977-985.

Foglar, R., Shibata, K., Horie, K., Hirasawa, A., Tsujimoto, G., 1995.
Use of recombinant alpha 1-adrenoceptors to characterize subtype
selectivity of drugs for the treatment of prostatic hypertrophy. Eur. J.
Pharmacol. 288, 201-207.

Ford, A.P., Arredondo, N.F., Blue, D.R. J., Bonhaus, D.W., Jasper, J.,
Kava, M.S., Lesnick, J., Pfister, JR., Shieh, I.A., Vimont, R.L.,
Williams, T.J., McNeal, JE., Stamey, T.A., Clarke, D.E., 1996.
RS-17053 (N-[2-(2-cyclopropylmethoxyphenoxy)ethyl]-5-chloro-al-
pha, alpha-dimethyl-1H-indole-3-ethanamine hydrochloride), a selec-
tive alpha 1A-adrenoceptor antagonist, displays low affinity for func-
tional apha 1-adrenoceptors in human prostate: implications for
adrenoceptor classification. Mol. Pharmacol. 49, 209-215.

Ford, A.P., Williams, T.J, Blue, D.R., Clarke, D.E., 1994. Alpha 1-
adrenoceptor classification: sharpening Occam’s razor. Trends Phar-
macol. Sci. 15, 167-170.

Forray, C., Bard, JA., Wetzel, JM., Chiu, G., Shapiro, E., Tang, R.,
Lepor, H., Hartig, P.R., Weinshank, R.L., Branchek, T.A., 1994. The
apha 1-adrenergic receptor that mediates smooth muscle contraction
in human prostate has the pharmacologica properties of the cloned
human apha 1c subtype. Mol. Pharmacol. 45, 703—708.

Garcia-Sainz, JA., Romero-Avila, T., Olivares-Reyes, JA., Macias-Silva,
M., 1992. Guinea pig hepatocyte a4 -adrenoceptors: characterization,
signal transduction and regulation. Eur. J. Pharmacol. 227, 239-245.

Goetz, A.S, King, HK., Ward, SD., True, T.A., Rimele, T.J., Saussy,
D.L. Jr., 1995. BMY 7378 is a selective antagonist of the D subtype
of a-adrenoceptors. Eur. J. Pharmacol. 272, R5—R6.

Gross, G., Hanft, G., Rugevics, C., 1988. 5-Methyl-urapidil discriminates
between subtypes of the apha 1-adrenoceptor. Eur. J. Pharmacol.
151, 333-335.

Gurdal, H., Seasholtz, T.M., Wang, H.Y., Brown, R.D., Johnson, M.D.,

Friedman, E., 1997. Role of G alpha q or G apha o proteins in apha
1-adrenoceptor subtype-mediated responses in Fischer 344 rat aorta.
Mol. Pharmacol. 52, 1064—1070.

Hall, R.A., Ostedgaard, L.S., Premont, R.T., Blitzer, JT., Rahman, N.,
Welsh, M.J,, Lefkowitz, R.J., 1997. A C-termina motif found in the
beta2-adrenergic receptor, P2Y1 receptor and cystic fibrosis trans-
membrane conductance regulator determines binding to the Na+ /H +
exchanger regulatory factor family of PDZ proteins. Proc. Natl. Acad.
Sci. U.SA. 95, 8496-8501.

Hal, RA., Premont, R.T., Chow, C.W., Blitzer, JT., Pitcher, JA.,
Claing, A., Stoffel, R.H., Barak, L.S., Shenolikar, S., Weinman, E.J.,
Grinstein, S., Lefkowitz, R.J., 1998. The beta2-adrenergic receptor
interacts with the Na+ /H + -exchanger regulatory factor to control
Na+ /H+ exchange. Nature 392, 626—630.

Hamaguchi, N., True, T.A., Saussy, D.L. Jr., Jeffs, P.W., 1996. Pheny-
lalanine in the second membrane-spanning domain of alpha 1A-adren-
ergic receptor determines subtype selectivity of dihydropyridine an-
tagonists. Biochemistry 35, 14312-14317.

Han, C.D., Minneman, K.P., 1991. Interaction of subtype-selective antag-
onists with alpha 1-adrenergic receptor binding sites in rat tissues.
Mol. Pharmacol. 40, 531-538.

Han, C., Abel, P.W., Minneman, K.P., 1987a. Heterogeneity of alpha
1-adrenergic receptors revealed by chlorethylclonidine. Mol. Pharma-
col. 32, 505-510.

Han, C., Abel, PW., Minneman, K.P., 1987b. Alpha 1-adrenoceptor
subtypes linked to different mechanisms for increasing intracellular
Ca®" in smooth muscle. Nature 329, 333-335.

Han, C., Li, J., Minneman, K.P., 1990. Subtypes of apha 1-adrenoceptors
in rat blood vessels. Eur. J. Pharmacol. 190, 97-104.

Han, C., Esbenshade, T.A., Minneman, K.P., 1992. Subtypes of apha
1-adrenoceptors in DDT1 MF-2 and BC3H-1 clonal cell lines. Eur. J.
Pharmacol. 226, 141-148.

Hancock, A.A., 1996. a,-Adrenoceptor subtypes: a synopsis of their
pharmacology and molecular biology. Drug Development Res. 39,
54-107.

Hancock, A.A., Brune, M.E., Witte, D.G., Marsh, K.C., Katwala, S,
Milicic, 1., Ireland, L.M., Crowell, D., Meyer, M.D., Kerwin, JF. Jr.,
1998. Actions of A-131701, a novel, selective antagonist for apha-1A
compared with alpha-1B adrenoceptors on intraurethral and blood
pressure responses in conscious dogs and a pharmacodynamic assess-
ment of in vivo prostatic selectivity. J. Pharmacol. Exp. Ther. 285,
628—-642.

Hawes, B.E., van Biesen, T., Koch, W.J,, Luttrell, L.M., Lefkowitz, R.J.,
1995. Distinct pathways of Gi- and Gg-mediated mitogen-activated
protein kinase activation. J. Biol. Chem. 270, 17148-17153.

Hieble, J.P., Bylund, D.B., Clarke, D.E., Eikenburg, D.C., Langer, S.Z.,
Lefkowitz, R.J., Minneman, K.P., Ruffolo, R.R. Jr., 1995. Interna-
tional Union of Pharmacology: X. Recommendation for nomenclature
of apha 1-adrenoceptors: consensus update. Pharmacol. Rev. 47,
267-270.

Hirasawa, A., Horie, K., Tanaka, T., Takagaki, K., Murai, M., Yano, J.,
Tsujimoto, G., 1993. Cloning, functional expression and tissue distri-
bution of human cDNA for the alpha 1C-adrenergic receptor. Biochem.
Biophys. Res. Commun. 195, 902—909.

Hirasawa, A., Shibata, K., Horie, K., Takel, Y., Obika, K., Tanaka, T.,
Muramoto, N., Takagaki, K., Yano, J., Tsujimoto, G., 1995. Cloning,
functional expression and tissue distribution of human o 4--adrenoc-
eptor splice variants. FEBS Lett. 363, 256—260.

Hirasawa, A., Sugawara, T., Awaji, T., Tsumaya, K., Ito, H., Tsujimoto,
G., 1997. Subtype-specific differences in subcellular localization of
apha 1-adrenoceptors: chlorethylclonidine preferentially alkylates the
accessible cell surface apha 1-adrenoceptors irrespective of the sub-
type. Mol. Pharmacol. 52, 764—770.

Horie, K., Itoh, H., Tsujimoto, G., 1995a. Hamster alpha 1B-adrenergic
receptor directly activates Gs in the transfected Chinese hamster
ovary cells. Mol. Pharmacol. 48, 392—-400.

Horie, K., Obika, K., Foglar, R., Tsujimoto, G., 1995h. Selectivity of the



274 H. Zhong, K.P. Minneman / European Journal of Pharmacology 375 (1999) 261276

imidazoline alpha-adrenoceptor agonists (oxymetazoline and cirazo-
line) for human cloned alpha 1-adrenoceptor subtypes. Br. J. Pharma-
col. 116, 1611-1618.

Howe, L.R., Marshal, C.J, 1993. Lysophosphatidic acid stimulates
mitogen-activated protein kinase activation via a G-protein-coupled
pathway requiring p2lras and p74raf-1. J. Biol. Chem. 268, 20717—
20720.

Hu, Z.W., shi, X.Y., Lin, RZ., Hoffman, B.B., 1999. Contrasting
signaling pathways of aphalA- and aphalB-adrenergic receptor
subtype activation of phosphatidylinositol 3-kinase and Ras in trans-
fected NIH3T3 cells. Mal. Endocrinol. 13, 3-14.

Hwa, J., Perez, D., 1996. The unique nature of the serine interactions for
a-adrenergic receptor agonist binding and activation. J. Biol. Chem.
271, 6322—-6327.

Hwa, J., Graham, RM., Perez, D.M., 1995. Identification of critical
determinants of alpha 1-adrenergic receptor subtype selective agonist
binding. J. Biol. Chem. 270, 23189-23195.

Kanterman, R.Y., Felder, C.C., Brenneman, D.E., Ma, A.L., Fitzgerad,
S., Axdrod, J.,, 1990. Alpha 1l-adrenergic receptor mediates arachi-
donic acid release in spinal cord neurons independent of inositol
phospholipid turnover. J. Neurochem. 54, 12251232,

Knepper, S.M., Buckner, SA., Brune, M.E., DeBernardis, JF., Meyer,
M.D., Hancock, A.A., 1995. A-61603, a potent apha l-adrenergic
receptor agonist, selective for the alpha 1A receptor subtype. J.
Pharmacol. Exp. Ther. 274, 97-103.

Koch, W.J,, Hawes, B.E., Allen, L.F., Lefkowitz, R.J.,, 1994. Direct
evidence that Gi-coupled receptor stimulation of mitogen-activated
protein kinase is mediated by G beta gamma activation of p2lras.
Proc. Natl. Acad. Sci. U.SA. 91, 12706—12710.

LaMorte, V.J., Thorburn, J., Absher, D., Spiegel, A., Brown, JH., Chien,
K.R., Feramisco, J.R., Knowlton, K.U., 1994. Gg- and ras-dependent
pathways mediate hypertrophy of neonatal rat ventricular myocytes
following «-adrenergic stimulation. J. Biol. Chem. 269, 13490-
13496.

Laz, T.M., Forray, C., Smith, K.E., Bard, JA., Vaysse, P.J., Branchek,
T.A., Weinshank, R.L., 1994. The rat homologue of the bovine apha
1c-adrenergic receptor shows the pharmacological properties of the
classical apha 1A subtype. Mol. Pharmacol. 46, 414—-422.

Lazou, A., Sugden, P.H., Clerk, A., 1998. Activation of mitogen-activated
protein kinases (p38-MAPKs, SAPKs/JNKs and ERKSs) by the G-
protein-coupled receptor agonist phenylephrine in the perfused rat
heart. Biochem. J. 332, 459-465.

Leonardi, A., Hieble, J.P., Guarneri, L., Naselsky, D.P., Pogges, E.,
Sironi, G., Sulpizio, A.C., Testa, R., 1997. Pharmacological character-
ization of the uroselective apha-1l antagonist Rec 15,/2739 (SB
216469): role of the alpha-1L adrenoceptor in tissue selectivity, part I.
J. Pharmacol. Exp. Ther. 281, 1272—-1283.

Lev, S, Moreno, H., Martinez, R., Canoll, P., Peles, E., Musacchio, JM.,
Plowman, G.D., Rudy, B., Schlessinger, J.,, 1995. Protein tyrosine
kinase PYK2 involved in Ca(2+ )-induced regulation of ion channel
and MAP kinase functions. Nature 376, 737—745.

Llahi, S., Geisbuhler, B., Jones, A.W., 1992. Alphal-adrenergic
receptor-mediated activation of phospholipase D in rat cerebral cor-
tex. J. Biol. Chem. 267, 3679-3685.

Lomasney, JW., Cotecchia, S, Lorenz, W., Leung, W.Y., Schwinn,
D.A., Yang-Feng, T.L., Brownstein, M., Lefkowitz, R.J.,, Caron,
M.G., 1991. Molecular cloning and expression of the cDNA for the
alpha 1A-adrenergic receptor. The gene for which is located on
human chromosome 5. J. Biol. Chem. 266, 6365—6369.

Lopez-llasaca, M., Crespo, P., Pdllici, P.G., Gutkind, J.S., Wetzker, R.,
1997. Linkage of G protein-coupled receptors to the MAPK signaling
pathway through Pl 3-kinase gamma. Science 275, 394—397.

Luttrell, L.M., Ostrowski, J., Cotecchia, S., Kendall, H., Lefkowitz, R.J.,
1993. Antagonism of catecholamine receptor signaling by expression
of cytoplasmic domains of the receptors. Science 259, 1453-1457.

Macrez-Lepretre, N., Kalkbrenner, F., Schultz, G., Mironneau, J., 1997.
Distinct functions of Gg and G,, proteins in coupling aphal-adrenor-

eceptorsto Ca?* release and Ca2™ entry in rat portal vein myocytes.
J. Biol. Chem. 272, 5261-5268.

Michel, M.C., Buscher, R., Kerker, J., Kraneis, H., Erdbrugger, W.,
Brodde, O.E., 1993. Alpha 1-adrenoceptor subtype affinities of drugs
for the treatment of prostatic hypertrophy. Evidence for heterogeneity
of chloroethylclonidine-resistant rat renal apha 1-adrenoceptor.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 48, 385-395.

Milano, C.A., Dolber, P.C., Rockman, H.A., Bond, R.A., Venable, M.E.,
Allen, L.F., Lefkowitz, R.J., 1994. Myocardia expression of a consti-
tutively active alpha 1B-adrenergic receptor in transgenic mice in-
duces cardiac hypertrophy. Proc. Natl. Acad. Sci. U.S.A. 91, 10109—
10113.

Minneman, K.P., 1988. a,-Adrenergic receptor subtypes, inositol phos-
phates and sources of cell calcium. Pharmacol. Rev. 40, 87-119.
Minneman, K.P., Esbenshade, T.A., 1994. Alpha 1-adrenergic receptor

subtypes. Annu. Rev. Pharmacol. Toxicol. 34, 117-133.

Minneman, K.P., Han, C., Abel, P.W., 1988. Comparison of apha
1-adrenergic receptor subtypes distinguished by chlorethylclonidine
and WB 4101. Mol. Pharmacol. 33, 509-514.

Minneman, K.P., Theroux, T.L., Hallinger, S., Han, C., Esbenshade,
T.A., 1994. Selectivity of agonists for cloned apha 1-adrenergic
receptor subtypes. Mol. Pharmacol. 46, 929-936.

Morrow, A.L., Creese, |., 1986. Characterization of alpha 1-adrenergic
receptor subtypes in rat brain: a reevaluation of [*H]WB4104 and
[®H]prazosin binding. Mol. Pharmacol. 29, 321-330.

Muramatsu, |., Ohmura, T., Kigoshi, S., Hashimoto, S., Oshita, M., 1990.
Pharmacological subclassification of «;-adrenoceptors in smooth
muscle. Br. J. Pharmacol. 99, 197—201.

Nagarathnam, D., Wetzel, JM., Miao, SW., Marzabadi, M.R., Chiu, G.,
Wong, W.C., Hong, X., Fang, J., Forray, C., Branchek, T.A., Hey-
dorn, W.E., Chang, R.S.L., Broten, T., Schorn, T.W., Gluchowski, C.,
1998. Design and synthesis of novel aphala adrenoceptor-selective
dihydropyridine antagonists for the treatment of benign prostatic
hyperplasia. J. Med. Chem. 41, 5320-5333.

Nakaoka, H., Perez, D.M., Baek, K.J,, Das, T., Husain, A., Misono, K.,
Im, M.J,, Graham, R.M., 1994. Gh: a GTP-binding protein with
transglutaminase activity and receptor signaling function. Science 26,
1593-1596.

Nishio, E., Nakata, H., Arimura, S., Watanabe, Y., 1996. Alpha-1-adren-
ergic receptor stimulation causes arachidonic acid release through
pertussis toxin-sensitive GTP-binding protein and JNK activation in
rabbit aortic smooth muscle cells. Biochem. Biophys. Res. Commun.
219, 277-282.

Noguera, M.A., lvorra, M.D., Chulia, S., D’ Ocon, P., 1997. Capacitative
Ca®* entry associated with «,-adrenoceptors in rat aorta. Naunyn-
Schmiedeberg’'s Arch. Pharmacol. 356, 83—89.

Patane, M.A., DiPardo, R.M., Price, R.P., Chang, R.S., Ransom, R.W.,
O'Malley, S.S., Di Savo, J., Bock, M.G., 1998. Selective apha-la
adrenergic receptor antagonists. Effects of pharmacophore regio- and
stereochemistry on potency and selectivity. Bioorg. Med. Chem. Lett.
8, 2495-2500.

Perez, D.M., Piascik, M.T., Graham, R.M., 1991. Solution-phase library
screening for the identification of rare clones: isolation of an apha
1D-adrenergic receptor cONA. Mol. Pharmacol. 40, 876-883.

Perez, D.M., DeYoung, M.B., Graham, R.M., 1993. Coupling of ex-
pressed alpha 1B- and apha 1D-adrenergic receptor to multiple
signaling pathways is both G protein and cell type specific. Mol.
Pharmacol. 44, 784—795.

Perez, D.M., Piascik, M.T., Malik, N., Gaivin, R., Graham, R.M., 1994.
Cloning, expression, and tissue distribution of the rat homolog of the
bovine alpha 1C-adrenergic receptor provide evidence for its classifi-
cation as the alpha 1A subtype. Mol. Pharmacol. 46, 823-831.

Piascik, M.T., Butler, B.T., Pruitt, T.A., 1990. The role of apha 1-adren-
oceptor subtypes in the regulation of arterial blood pressure. Eur. J.
Pharmacol. 180, 381—386.

Piascik, M.T., Guarino, R.D., Smith, M.S,, Saltis, E.E., Saussy, D.L. Jr.,
Perez, D.M., 1995. The specific contribution of the novel apha-1D



H. Zhong, K.P. Minneman / European Journal of Pharmacology 375 (1999) 261276 275

adrenoceptor to the contraction of vascular smooth muscle. J. Pharma-
col. Exp. Ther. 275, 1583-1589.

Piascik, M.T., Hrometz, S.L., Edelmann, S.E., Guarino, R.D., Hadley,
R.W., Brown, R.D., 1997. Immunocytochemical localization of the
alpha-1B adrenergic receptor and the contribution of this and the
other subtypes to vascular smooth muscle contraction: analysis with
selective ligands and antisense oligonucleotides. J. Pharmacol. Exp.
Ther. 283, 854—868.

Price, D.T., Chari, R.S., Berkowitz, D.E., Meyers, W.C., Schwinn, D.A.,
1994a. Expression of apha 1-adrenergic receptor subtype mRNA in
rat tissues and human SK-N-MC neurona cells: implications for
apha 1-adrenergic receptor subtype classification. Mol. Pharmacol.
46, 221-226.

Price, D.T., Lefkowitz, R.J., Caron, M.G., Berkowitz, D., Schwinn, D.A.,
1994b. Localization of mRNA for three distinct alpha 1-adrenergic
receptor subtypes in human tissues: implications for human apha-
adrenergic physiology. Mol. Pharmacol. 45, 171-175.

Ramarao, C.S., Denker, JM., Perez, D.M., Gaivin, RJ, Riek, R.P,
Graham, R.M., 1992. Genomic organization and expression of the
human apha 1B-adrenergic receptor. J. Biol. Chem. 267, 21936—
21945.

Ramirez, M.T., Sah, V.P., Zhao, X.L., Hunter, J.J., Chien, K.R., Brown,
JH., 1997. The MEKK-INK pathway is stimulated by a phal-adren-
ergic receptor and ras activation and is associated with in vitro and in
vivo cardiac hypertrophy. J. Biol. Chem. 272, 14057-14061.

Rokosh, D.G., Bailey, B.A., Stewart, A.F., Karns, L.R., Long, C.S,
Simpson, P.C., 1994. Distribution of alpha 1C-adrenergic receptor
mRNA in adult rat tissues by RNase protection assay and comparison
with alphalB and apha 1D. Biochem. Biophys. Res. Commun. 200,
1177-1184.

Rokosh, D.G., Stewart, A.F., Chang, K.C., Bailey, B.A., Karliner, J.S,,
Camacho, SAA., Long, C.S., Simpson, P.C., 1996. Alphal-adrenergic
receptor subtype mRNAs are differentially regulated by alphal-adren-
ergic and other hypertrophic stimuli in cardiac myocytes in culture
and in vivo. Repression of aphalB and alphalD but induction of
alphalC. J. Biol. Chem. 271, 5839-5843.

Romanelli, A., van de Werve, G., 1997. Activation of mitogen-activated
protein kinase in freshly isolated rat hepatocytes by both a calcium-
and a protein kinase C-dependent pathway. Metabolism 46, 548—555.

Ruan, Y., Kan, H., Parmentier, JH., Fatima, S, Allen, L.F., Malik, K.U.,
1998. «,4-Adrenergic receptor stimulation with phenylephrine pro-
motes arachidonic acid release by activation of phospholipase D in
rat-1 fibroblasts: inhibition by protein kinase A. J. Pharmacol. Exp.
Ther. 284, 576-585.

Sah, V.P., Hoshijima, M., Chien, K.R., Brown, JH., 1996. Rho is
required for Galphag and alphal-adrenergic receptor signaling in
cardiomyocytes. Dissociation of Ras and Rho pathways. J. Biol.
Chem. 271, 31185-31190.

Schwinn, D.A., Lomasney, JW., Lorenz, W., Szklut, P.J., Fremeau, R.T.
Jr., Yang-Feng, T.L., Caron, M.G., Lefkowitz, R.J., Cotecchia, S.,
1990. Molecular cloning and expression of the cDNA for a novel
apha 1-adrenergic receptor subtype. J. Biol. Chem. 265, 8183-8189.

Schwinn, D.A., Page, S.O., Middleton, J.P., Lorenz, W., Liggett, S.B.,
Yamamoto, K., Lapeting, E.G., Caron, M.G., Lefkowitz, R.J., Cotec-
chia, S, 1991. The alpha 1C-adrenergic receptor: characterization of
signal transduction pathways and mammalian tissue heterogeneity.
Mol. Pharmacol. 40, 619—626.

Schwinn, D.A., Johnston, G.I., Page, S.O., Mosley, M.J., Wilson, K.H.,
Worman, N.P., Campbell, S., Fidock, M.D., Furness, L.M., Parry-
Smith, D.J., Peter, B., Bailey, D.S., 1995. Cloning and pharmacol ogi-
cal characterization of human o ;-adrenergic receptors. sequence cor-
rections and direct comparison with other species homologues. J.
Pharmacol. Exp. Ther. 272, 134-142.

Scofield, M.A., Liu, F., Abdl, P.W., Jeffries, W.B., 1995. Quantification
of steady state expression of mRNA for alpha-1 adrenergic receptor
subtypes using reverse transcription and a competitive polymerase
chain reaction. J. Pharmacol. Exp. Ther. 275, 103510—103542.

Shibata, K., Foglar, R., Horie, K., Obika, K., Sakamoto, A., Ogawa, S.,
Tsujimoto, G., 1995. KMD-3213, a novel, potent, apha la-adrenoc-
eptor-selective antagonist: characterization using recombinant human
alphal-adrenoceptors and native tissues. Mol. Pharmacol. 48, 250—
258.

Shih, M., Mahbon, C.C., 1998. Serum and insulin induce a Grb2-depen-
dent shift in agonist affinity of beta-adrenergic receptors. Cell Signal
10, 575-582.

Shih, M., Lin, F., Scott, J.D., Wang, H., Malbon, C.C., 1999. Dynamic
complexes of beta2-adrenergic receptors with protein kinases and
phosphatases and the role of gravin. J. Biol. Chem. 274, 1588—1595.

Siwik, D.A., Brown, R.D., 1996. Regulation of protein synthesis by alpha
1-adrenergic receptor subtypes in cultured rabbit aortic vascular
smooth muscle cells. J. Cardiovasc. Pharmacol. 27, 508-518.

Spector, M.S,, Auer, K.L., Jarvis, W.D., Ishac, E.J., Gao, B., Kunos, G.,
Dent, P., 1997. Differential regulation of the mitogen-activated pro-
tein and stress-activated protein kinase cascades by adrenergic ago-
nists in quiescent and regenerating adult rat hepatocytes. Mol. Cell.
Biol. 17, 3556—3565.

Sulpizio, A., Hieble, JP., 1991. Lack of a pharmacologica distinction
between alpha-1 adrenoceptors mediating intracellular calcium-depen-
dent and independent contractions to sympathetic nerve stimulation in
the perfused rat cauda artery. J. Pharmacol. Exp. Ther. 257, 1045—
1052.

Suzuki, E., Tsujimoto, G., Tamura, K., Hashimoto, K., 1990. Two
pharmacologically distinct apha 1-adrenoceptor subtypes in the con-
traction of rabbit aorta: each subtype couples with a different Ca2 +
signalling mechanism and plays a different physiological role. Mol.
Pharmacol. 38, 725—736.

Taguchi, K., Yang, M., Goepel, M., Michel, M.C., 1998. Comparison of
human alphal-adrenoceptor subtype coupling to protein kinase C
activation and related signalling pathways. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 357, 100-110.

Theroux, T.L., Esbenshade, T.A., Peavy, R.D., Minneman, K.P., 1996.
Coupling efficiencies of human alpha 1-adrenergic receptor subtypes:
titration of receptor density and responsiveness with inducible and
repressible expression vectors. Mol. Pharmacol. 50, 1376—1387.

Thorburn, J.,, Thorburn, A., 1994. The tyrosine kinase inhibitor, genistein,
prevents al pha-adrenergic-induced cardiac muscle cell hypertrophy by
inhibiting activation of the RasMAP kinase signaling pathway.
Biochem. Biophys. Res. Commun. 202, 1586—1591.

Tseng-Crank, J., Kost, T., Goetz, A., Hazum, S., Roberson, K.M.,
Haizlip, J,, Godinot, N., Robertson, C.N., Saussy, D., 1995. The alpha
1C-adrenoceptor in human prostate: cloning, functional expression,
and localization to specific prostatic cell types. Br. J. Pharmacol. 115,
1475-1485.

Tsujimoto, G., Tsujimoto, A., Suzuki, E., Hashimoto, K., 1989. Glycogen
phosphorylase activation by two different alpha 1-adrenergic receptor
subtypes: methoxamine selectively stimulates a putative alpha 1-
adrenergic receptor subtype (alpha 1a) that couples with Ca2* influx.
Mol. Pharmacol. 36, 166—176.

Tu, JC., Xiao, B., Yuan, JP., Lanahan, A.A., Leoffert, K., Li, M.,
Linden, D.J.,, Worley, P.F., 1998. Homer binds a novel proline-rich
motif and links group 1 metabotropic glutamate receptors with 1P3
receptors. Neuron 21, 717—726.

Van Bliesen, T., Hawes, B.E., Luttrell, D.K., Krueger, K.M., Touhara,
K., Porfiri, E., Sakaue, M., Luttrell, L.M., Lefkowitz, R.L., 1995.
Receptor-tyrosine-kinase- and G By-mediated MAP kinase activation
by a common signalling pathway. Nature 376, 781-784.

Wenham, D., Rahmatullah, R.J., Rahmatullah, M., Hansen, C.A., Ro-
bishaw, JD., 1997. Differentia coupling of alphal-adrenoreceptor
subtypes to phospholipase C and mitogen activated protein kinase in
neonatal rat cardiac myocytes. Eur. J. Pharmacol. 19, 77-86.

Wetzel, JM., Miao, SW., Forray, C., Borden, L.A., Branchek, T.A.,
Gluchowski, C., 1995. Discovery of alpha la-adrenergic receptor
antagonists based on the L-type Ca2+ channel antagonist niguldip-
ine. J. Med. Chem. 38, 1579-1581.



276 H. Zhong, K.P. Minneman / European Journal of Pharmacology 375 (1999) 261276

Williams, N.G., Zhong, H., Minneman, K.P., 1998. Differential coupling
of ay-, a,-, and B-adrenergic receptors to MAP kinase pathways and
differentiation in transfected PC12 cells. J. Biol. Chem. 273, 24624—
24632.

Winitz, S., Russel, M., Qian, N.X., Gardner, A., Dwyer, L., Johnson,
G.L., 1993. Involvement of Ras and Raf in the Gi-coupled acetyl-
choline muscarinic m2 receptor activation of mitogen-activated pro-
tein (MAP) kinase kinase and MAP kinase. J. Biol. Chem. 268,
19196-19199.

Wise, A., Lee, T.W., MacEwan, D.J,, Milligan, G., 1995. Degradation of
G11 apha/Gq alpha is accelerated by agonist occupancy of alpha
1A /D, alpha 1B, and apha 1C adrenergic receptors. J. Biol. Chem.
270, 17196-17203.

Wu, D., Katz, A., Lee, C.H., Simon, M.1., 1992. Activation of phospholi-
pase C by alpha l-adrenergic receptors is mediated by the alpha
subunits of Gq family. J. Biol. Chem. 267, 25798—25802.

Xin, X., Yang, N., Eckhart, A.D., Faber, J.E., 1997. AlphalD-adrenergic
receptors and mitogen-activated protein kinase mediate increased
protein synthesis by arterial smooth muscle. Mol. Pharmacol. 51,
764-T775.

Xing, M., Insdl, P.A., 1996. Protein kinase C-dependent activation of
cytosolic phospholipase A2 and mitogen-activated protein kinase by
apha 1-adrenergic receptors in Madin-Darby canine kidney cells. J.
Clin. Invest. 97, 1302-1310.

Xu, X., Croy, JT., Zeng, W., Zhao, L., Davignon, I., Popov, S., Yu, K.,
Jiang, H., Offermanns, S., Mualem, S., Wilkie, T.M., 1998. Promis-
cuous coupling of receptors to Gq class alpha subunits and effector

proteins in pancreatic and submandibular gland cells. J. Biol. Chem.
273, 27275-27279.

Xu, X., Zeng, W., Popov, S., Berman, D.M., Davignon, I., Yu, K., Yowe,
D., Offermanns, S., Mualem, S., Wilkie, T.M., 1999. RGS proteins
determine signaling specificity of Gg-coupled receptors. J. Biol.
Chem. 274, 3549-3556.

Yamauchi, J., Nageo, M., Kaziro, Y., Itoh, H., 1997. Activation of p38
mitogen-activated protein kinase by signaling through G protein-cou-
pled receptors. Involvement of Gbetagamma and Galphag,/11 sub-
units. J. Biol. Chem. 272, 27771-27777.

Zechner, D., Thuerauf, D.J., Hanford, D.S., McDonough, P.M., Glembot-
ski, C.C., 1997. A role for the p38 mitogen-activated protein kinase
pathway in myocardial cell growth, sarcomeric organization, and
cardiac-specific gene expression. J. Cell. Bial. 139, 115-127.

Zhang, S., Hiraoka, M., Hirano, Y., 1998. Effects of alphal-adrenergic
stimulation on L-type Ca2+ current in rat ventricular myocytes. J.
Mol. Cell. Cardiol. 30, 1955—-1965.

Zhao, M.M., Hwa, J., Perez, D.M., 1996. |dentification of critical extra-
cellular loop residues involved in apha 1-adrenergic receptor sub-
type-selective antagonist binding. Mol. Pharmacol. 50, 1118-1126.

Zhong, H., Minneman, K.P., 1999a Differential activation of mitogen
activated protein kinase pathways by three subtypes of «-adrenergic
receptors. J. Neurochem., in press.

Zhong, H., Minneman, K.P., 1999b. Use and pharmacologica analysis of
established cell lines expressing adrenergic receptors. In: Machida, C.
(Ed.), Adrenergic Receptor Protocols. Humana Press, Totowa, NJ, in
press.



