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I. Introduction

Adenosine is an endogenous nucleoside that modu-
lates many physiological processes. Its actions are me-
diated by interaction with specific cell membrane recep-
tors. Four subtypes of adenosine receptors have been
cloned: A;, Agy, Asp, and Ag. Significant advancement
has been made in the understanding of the molecular
pharmacology and physiological relevance of adenosine
receptors, but our knowledge of A,y receptors lags be-
hind that of other receptor subtypes. The lack of selec-
tive pharmacological probes has hindered research in
this area. Perhaps because of their lower affinity for
adenosine compared with other receptors, it is often
assumed that A,y receptors are a low-affinity version of
the A,, receptor and are of lesser physiological rele-
vance. It has been only recently that potentially impor-
tant functions have been discovered for the A,p receptor,
prompting a renewed interest in this receptor type. It is
also recently recognized that A,p receptors are coupled
to intracellular pathways different from those of Ay,
receptors, a finding that may provide the basis for their
distinct physiological role. A,y receptors have been im-
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plicated in mast cell activation and asthma, vasodila-
tion, regulation of cell growth, intestinal function, and
modulation of neurosecretion. We try to review the re-
cent advances made in the study of A,p receptors and

Abbreviations: alloxazine, 2,4-dioxobenzo|g]pteridine; ATP, adeno-
sine 5c-triphosphate; cAMP, adenosine 3c,5¢c-cyclic monophosphate;
c¢DNA, complementary deoxyribonucleic acid; CGS 21680, 4-[(N-ethyl-
5’-carbamoyladenos-2-yl)-aminoethyl]-phenylpropionic acid; CHO,
Chinese hamster ovary; CPA, N®-cyclopentyladenosine; DPCPX,
1,3-dipropyl-8-cyclopentylxanthine; DPSPX, 1,3-dipropyl-8-(p-sulfophe-
nyl)xanthine; ECj,, concentration that produces half-maximal effect;
enprofylline, 3-n-propylxanthine; HEL, human erythroleukemia;
IB-MECA, N8-(3-iodobenzyl)-N-methyl-5'-carbamoyladenosine; IgE,
immunoglobulin E; IL-8, interleukin-8; Kg, dissociation constant of
antagonist-receptor complex; 1.-249313, 6-carboxymethyl-5,9-dihydro-
9-methyl-2-phenyl-[1,2,4]-triazolo-{5,1-a}-[2,7]-naphthyridine; L-
268605, 3-(4-methoxyphenyl)-5-amino-7-oxo-thiazolo-[3,2]-pyrimidine;
L-NAME, NS-nitro-L-arginine methyl ester; mRNA, messenger ribonu-
cleic acid; MRS 1067, 3,6-dichloro-2’-isopropyloxy-4’'-methylflavone;
MRS 1097, 3,5-diethyl 2-methyl, 6-phenyl-4-[2-[phenyl-(trans)-vinyl]-
1,4(*)dihydropyiridine-3,5-dicarboxylate; MRS 1191, 3-ethyl 5-benzyl
2-methyl-phenylethynyl-6-phenyl-1,4(+)dihydropyridine-3,5-dicar-
boxylate; MRS 1222, 3,5-diethyl 2-methyl-4-[2-(4-nitrophenyl)-(E)-
vinyl-6-phenyl-1,4-(+)-dihydropyridine-3,5-dicarboxylate; NECA, 5'-N-
ethylcarboxamidoadenosine; NO, nitric oxide; R-PIA, (R)-NS-
phenylisopropyladenosine; S-PIA, (S)-N-phenylisopropyladenosine;
SCH 58261, 5-amino-7-(phenylethyl)-2-(1-furyl)-pyrazolo[4,3-e]-1,2,4-
triazolo[1,5-c]pyrimidine; WRC-0571, C8-(N-methylisopropyl)-amino-
Nb-(5"-endohydroxy)-endonorbornan-2-yl-9-methyladenin; XAC,
xanthine amine congener; ZM 241385, 4-(2-[7-amino-2-)2-furyl(triazolo
{2,3-a}-[1,3,5]triazin-5-ylamino]ethyl)phenol.
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underscore areas in which more progress is needed. We
discuss some of the characteristics of A;, Ay, and A,
receptors only to highlight their similarities and differ-
ences with A,z receptors. Recent reviews on specific
adenosine receptor subtypes can be found elsewhere
(Linden, 1991, 1994; Dalziel and Westfall, 1994;
Fredholm, 1995; Palmer and Stiles, 1995; Sebastido and
Ribeiro, 1996; Daval et al., 1996; Ongini and Fredholm,
1996).

II. Classification of Adenosine Receptors

The properties of extracellular adenosine as a protec-
tive autacoid have been known since the study of its
cardiovascular effects conducted in 1929 by Drury and
Szent-Gyorgyi (1929). The purinergic receptors that me-
diate the effects of adenosine were classified as P; re-
ceptors, whereas the receptors activated by nucleotides
like adenosine 5c-triphosphate (ATP) were classified as
P, receptors (Burnstock, 1978). Adenosine receptors
were found to modulate intracellular levels of adenosine
3c¢,5¢-cyclic monophosphate (cAMP) and were initially
subdivided into A; and A, subtypes based on their abil-
ity to inhibit or stimulate adenyl cyclase, respectively
(van Calker et al., 1979; Londos et al., 1980). The alter-
native classification of adenosine receptors as R, and R,
(Londos et al., 1980) was replaced by the A; and A,
terms (van Calker et al., 1979). The further division of
A, receptors into two subtypes was proposed originally
by Daly et al. (1983) based on the finding of high-affinity
A, receptors in rat striatum and low-affinity A, recep-
tors throughout the brain, both of which activated ade-
nyl cyclase. The existence of subtypes of A, receptors
was also suggested by the finding, independently re-
ported by Elfman et al. (1984), of high-affinity A, recep-
tors in cultured neuroblastoma cells and low-affinity A,
receptors in glioma cells. These high- and low-affinity
receptor subtypes were later designated as A,, and Ay,
respectively (Bruns et al., 1986). The classification of P,
receptors has been validated by the recent success in
molecular cloning and expression of all three anticipated
A, A,,, and A, adenosine receptors and the previously
unrecognized Ag receptor (Maenhaut et al., 1990; Libert
et al., 1991; Zhou et al., 1992; Rivkees and Reppert,
1992; Pierce et al., 1992). This classification has been
endorsed by I[UPHAR Committee on Receptor Nomen-
clature and Drug Classification (Fredholm et al., 1994,
1996b, 1997).

II1. Molecular Characterization of A,z Receptors

Adenosine A,p receptors were cloned from rat hypo-
thalamus (Rivkees and Reppert, 1992), human hip-
pocampus (Pierce et al., 1992), and mouse mast cells
(Marquardt et al., 1994), employing standard polymer-
ase chain reaction techniques with degenerate oligonu-
cleotide primers designed to recognize conserved regions
of most G protein-coupled receptors. The human Ag,g
receptor shares 86 to 87% amino acid sequence homol-
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ogy with the rat and mouse Ayp receptors (Rivkees and
Reppert, 1992; Pierce et al., 1992; Marquardt et al.,
1994) and 45% amino acid sequence homology with hu-
man A, and A,, receptors (fig. 1). As expected for closely
related species, the rat and mouse A,y receptors share
96% amino acid sequence homology. By comparison, the
overall amino acid identity between A, receptors from
various species is 87% (Palmer and Stiles, 1995). A,
receptors share 90% of homology between species
(Ongini and Fredholm, 1996), with most differences oc-
curring in the 2°¢ extracellular loop and the long C-
terminal domain (Palmer and Stiles, 1995). The lowest
(72%) degree of identity between species is observed for
A, receptor sequences (Palmer and Stiles, 1995). Differ-
ences in amino acid sequence of adenosine receptors
between species may result in distinct pharmacological
characteristics. For example, the rat A; receptor has a
rank order of potency (R)-N®-phenylisopropyladenosine
(R-PIA) > 5'-N-ethylcarboxamidoadenosine (NECA) >
(S)-N®-phenylisopropylaolenesine (S-PIA), and the bo-
vine A, receptor has a potency order R-PIA > S-PIA >
NECA (Klotz et al., 1991), whereas the canine A, recep-
tor binds NECA with a higher affinity than that of
R-PIA (Tucker and Linden, 1993). The differences be-
tween amino acid sequences of A; receptors are reflected
in the insensitivity of the rat A; receptor to antagonism
by methylxanthines (Zhou et al., 1992), a phenomenon
that is not observed in the human or sheep Aj receptor
(Linden et al., 1993; Salvatore et al., 1993). These inter-
species differences between adenosine receptors explain
why the adenosine agonist xanthine amine congener
(XACQ) is a selective A; agonist in the rat, but not in the
human or rabbit (Jacobson et al., 1992; Jacobson and

I I
MLLETQDALYVALELVIAALSVAGNVLVCAAVGTANTLQTPTNYFLVSLAAADVAVGLFA

I
{3 R —————— HS= == mmmmmm e e e R------ G-----

v
RARGVIAVLWVLAFGIGLTPFLGWNSKDSATNNCTEPWDGTTNESCCLVKCLFENVVPMS

121 ===-Temmmmmmmm e R--S----- G--I--K-=-Pommmmmmm
R e §--§----LG--IA-K---PLT--------—-
\4
YMVYFNFFGCVLPPLLIMLVIYIKIFLVACRQLQRTELMDHSRTTLQREIHAAKSLAMIV
181 mmmmmmmmmmmmmmeeee M-----=- S 1 (S
------------------ Li-=====-M-==K-=-RM-=-Dmmmmmmmm oo oo
VI VII
GIFALCWLPVHAVNCVILFQPAQGKNKPKWAMNMAILLSHANSVVNPIVYAYRNRDFRYT
b R ———— I---I---H--LA-D-==-V--Vom oo mm oo oo mm oo s
----------- I---I---H--LA-D----V--V-----mmmmmeeeeeo______g

FHKIISRYLLCQADVKSGNGQAGVQPALGVGL Human A,y
301 --R-----V---T-T-G-5----G-STFSLS- 332 RatA,
--K----- V---AET-G-S----A-STLSLG- Mouse A,

Fic. 1. Comparison of amino acid sequences of human (M97759)
(Pierce et al., 1992), rat (M91466) (Stehle et al., 1992), and mouse
(U05673) (Marquardt et al., 1994) A, receptors. Dashed lines indi-
cate amino acid identity. Predicted transmembrane spanning do-
mains are highlighted and indicated by roman numerals.
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Suzuki, 1996). Few comparisons have been made be-
tween A,p receptors from different species. No differ-
ences in pharmacological profiles were found between
A,p receptors from fibroblasts of murine and human
origin (Bruns, 1981; Brackett and Daly, 1994) or be-
tween human A,y receptor expressed in Chinese ham-
ster ovary (CHO) cells and guinea pig brain Ay recep-
tors (Alexander et al., 1996).

The proposed membrane structure of A,y receptors is
typical of G protein—coupled receptors, with seven trans-
membrane domains connected by three extracellular and
three intracellular loops, and flanked by an extracellular
N-terminus and an intracellular C-terminus (Rivkees and
Reppert, 1992; Pierce et al., 1992; Marquardt et al., 1994;
fig. 2). The highest degree of identity in amino acid se-
quences between A,y receptors of different species is found
in the transmembrane domains (fig. 1). The 2°¢ extracel-
lular loop of the human, mouse, and rat Ayg receptors
contains two potential N-glycosylation sites (Rivkees and
Reppert, 1992; Pierce et al., 1992; Marquardt et al., 1994).
It should be noted that enzymatic treatment failed to dem-
onstrate N-glycosylation of A,y receptors in T84 epithelial
cells (Puffinbarger et al., 1995). However, it is not clear
whether A, receptors are glycosylated in other cells or
glycosylation can alter Ay,g function. A,, receptors were
found to be glycosylated in canine striatum and liver mem-
branes (Palmer et al., 1992), but the binding characteris-
tics of Ay, receptors for 4-[(N-ethyl-5'-carbamoyladenos-2-
yD-aminoethyl]-phenylpropionic acid (CGS 21680) appear
to be the same in both glycosylated or unglycosylated forms
of the receptor expressed in COS M6 cells (Piersen et al.,
1994).

The predicted molecular mass of Ay receptors is sim-
ilar to that of A; and A receptors (36-37 kDa), whereas
A, receptors have a larger predicted size (45 kDa). The
greater molecular mass of the A,, receptor is explained
by the presence of a longer intracellular C-terminus.

JCILIA G

COOH
VOPNQ OO,

F1G. 2. Amino acid sequence of the human A,y receptor. The
receptor is drawn according to the seven-membrane spanning motif
common to the G protein-coupled receptor superfamily. Possible sites
of N-linked glycosylation on the 2°¢ extracellular loop are high-
lighted.
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Together with the 3*¢ intracellular loop, the intracellu-
lar C-terminus is thought to be involved in the coupling
of A, receptors to G proteins (Palmer and Stiles, 1995).
To date, no mutational analysis of Ayp receptor-G pro-
tein coupling has been reported. However, some paral-
lels could be drawn from studies using chimeric A;/A;,
adenosine receptors (Tucker et al., 1996; Olah, 1997).
Using this approach, it has been shown that the amino
terminal portion of the 3™ intracellular loop of the Ay,
receptor determines its selective coupling with G, (Olah,
1997). This 15-mer portion of the A,, receptor shares
57% amino acid sequence homology with the A,y recep-
tor, both of which are coupled to G, and only 27% with
the A; receptor, which is not coupled to G, (fig. 3). In
addition, the nature of the amino acids in the 2°¢ intra-
cellular loop may indirectly modulate A,, receptor cou-
pling. In particular, lysine and glutamic acid residues in
that portion of the molecule were found to be necessary
for efficient A,, adenosine receptor-G, coupling (Olah,
1997). These amino acid residues are also present in the
A,p receptor. The long intracellular C-terminal tail of
the A,, receptor, which represents a major structural
difference with the A,p, does not appear to be involved in
the determination of receptor coupling to G, protein. The
removal of the C-terminal tail of the A,, receptor, or its
replacement with a cytoplasmic tail of the A; receptor,
does not impair stimulation of adenyl cyclase when
these truncated or chimeric receptors are expressed in
CHO cells (Tucker et al., 1996; Palmer and Stiles, 1997;
Olah, 1997). The data generated from these studies,
however, leave the possibility that this region can still
play a role in the modulation of the coupling of Ay,
receptors to G proteins. For example, it was suggested
that the C-terminal tail confers the A,, receptors’ ability
to couple tightly to G, a feature considered to be unique
for this receptor subtype (Nanoff et al., 1991).

Second intracellular loop

104 ---LRVK----- KMV--PR- Human A,
101 DRYIAIRIPLRYNGLVTGTR Human A,,
102 ---L--CV----KS------ Human A,

Third intracellular loop

202 EV-YLI-K--NKK**VSASSGDPQKYYGKELKI - - Human A,
199 RIFLAARRQLKQOMESQPLPGERARSTLQKEVHAAK Human A,,
204 K---V-C---QRT-LM****DHS-T---R-T---- Human A,

Intracellular C-terminal tail

291 --QK--V--L--WND-FRC-PA-PIDEDLPEERPDD Human A,

291 RIREFRQTFRKIIRSHVLRQQEPFKAAGTSARVLAAHGSVGEQ Human A,,

293 -N-D--Y--H---SRYL-C-ADVKSGN-QAGVQP-LGVGL Human A,
VSLRLNGHPPEVWANGSAPHPERRPNGYALGLVSGGSAQESQG Human A,,
NTGLPDVELLSHELKRVCPEPPGLDDPLAQDGAGVS Human A,,

Fic. 3. Comparison of amino acid sequences of 2" and 3¢ intra-
cellular loops and C-terminus of human A,, receptors, with corre-
sponding regions of human A; and A,z receptors. Dashed lines
indicate amino acid identity. Asterisks represent gaps in the se-
quence introduced to highlight amino acid homologies. The amino
acid residues discussed in the text are highlighted.
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Mutational studies of A,, receptors revealed that a
threonine residue (Thr?%®) of the C-terminal tail of the
A, receptor, located in proximity to the seventh trans-
membrane span (fig. 3), is essential for the development
of rapid agonist-mediated desensitization (Palmer and
Stiles, 1997). This amino acid residue is also present in
the human A,y receptor (Thr?°°), but its role in receptor
desensitization has not been explored. Although the
mechanisms of desensitization are not completely iden-
tified, it is of interest that rapid desensitization of A, , as
well as A,p receptors can be mediated by G protein-
coupled receptor kinase 2 (Mundell et al., 1997). It
should be noted that A,p receptors can be coupled to
other intracellular signaling pathways in addition to G,
and adenyl cyclase. The similarities and differences in
A, and A,, receptor coupling to G proteins warrant
studies involving mutational analysis of A,y receptors,
and possibly chimeric A,,/Ayp receptors, to better un-
derstand determinants of A,z-G protein coupling.

The human A, receptor gene was mapped to chromo-
some 17p11.2-p12 (Jacobson et al., 1995; Townsend-Ni-
cholson et al., 1995). A single intron interrupts the cod-
ing sequence of the human A,y receptor gene in a region
corresponding to the 2°¢ intracellular loop between
Leu'''and Arg''? (Jacobson et al., 1995). In this respect,
the human A,y receptor gene is similar to the other
human adenosine receptor genes in that it also contains
a single intron in its coding sequence (Ren and Stiles,
1994; Peterfreund et al., 1994; Murrison et al., 1996).
Some G protein-coupled receptors are known to have
multiple introns in the coding sequences of their corre-
sponding genes. Alternative splicing of their primary
transcripts results in heterogeneity in protein se-
quences, as observed with EP; prostanoid receptors
(Neglishi et al., 1995), D, dopamine receptors (Giros et
al., 1989), lutropin/choriogonadotropin receptors (Aat-
sinki et al., 1992), and fibroblast growth factor receptors
2 (Dell and Williams, 1992). The presence of only one
intron within the coding region of the human A,p recep-
tor gene precludes structural variations of A,y receptors
by alternative splicing.

In addition to the human A,y receptor gene, an A,y
pseudogene with 79% identity with the A,p receptor
complementary deoxyribonucleic acid (¢cDNA), has been
localized to chromosome 1q32 (Jacobson et al., 1995;
Townsend-Nicholson et al., 1995). When compared with
the coding sequence of the A,y receptor, the pseudogene
contained multiple deletions, point mutations, and
frame shifts and two in-frame stops (Jacobson et al.,
1995). It is doubtful that with all these changes the
pseudogene would encode a functional adenosine recep-
tor. However, further studies are needed to determine
whether the A, pseudogene is transcriptionally compe-
tent. For example, dopamine D5 pseudogene transcripts
can be detected in human brain tissues (Nguyen et al.,
1991). The same possibility should always be considered
in Northern blot analysis or in situ hybridization of A,p
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receptor in various tissues, because the use of sequences
common between the functional A,z cDNA and the Agg
pseudogene as probes could potentially lead to misinter-
pretation of results.

IV. Pharmacology of A,z Receptors

Highly selective and potent agonists have been de-
signed for A;, A,,, and A; receptors. These compounds
have been important tools in the characterization of
adenosine receptors and the determination of their func-
tions. All four subtypes, including A, receptors, have a
typical order of potency for agonists (table 1; fig. 4).
However, no selective agonist for A, receptors has been
found so far. The adenosine analog NECA remains the
most potent A,y agonist (Bruns, 1981; Feoktistov and
Biaggioni, 1993, 1997; Brackett and Daly, 1994), with a
concentration producing a half-maximal effect (EC;,) for
stimulation of adenyl cyclase of approximately 2 uMm. It
is, however, nonselective and activates other adenosine
receptors with even greater affinity, with an EC, in the
low nanomolar (A; and A,,) or high nanomolar (Aj)
range (table 1; fig. 4). The characterization of A,y recep-
tors, therefore, often relies on the lack of effectiveness of
compounds that are potent and selective agonists of
other receptor types. Ayg receptors have been character-
ized by a method of exclusion, i.e., by the lack of efficacy
of agonists that are specific for other receptors. The Ay,
selective agonist CGS 21680 (Webb et al., 1992), for
example, has been useful in differentiating between Ay,
and A, adenosine receptors (Hide et al., 1992; Chern et
al., 1993; Feoktistov and Biaggioni, 1995; van der Ploeg
et al., 1996). Both receptors are positively coupled to
adenyl cyclase and are activated by the nonselective
agonist NECA. CGS 21680 is virtually ineffective on Agp
receptors but is as potent as NECA in activating A,
receptors, with an EC;, in the low nanomolar range for
both agonists (Jarvis et al., 1989; Nakane and Chiba,
1990; Webb et al., 1992; Hide et al., 1992; Feoktistov and
Biaggioni, 1993; Alexander et al., 1996). A,y receptors
have also a very low affinity for the A; selective agonist
R-PIA (Feoktistov and Biaggioni, 1993; Brackett and
Daly, 1994) as well as for the A; selective agonist
N®-(3-iodobenzyl)-N-methyl-5'-carbamoyladenosine (IB-
MECA) (Feoktistov and Biaggioni, 1997). The agonist
profile NECA > R-PIA = IB-MECA > CGS 21680 was
determined in human erythroleukemia (HEL) cells for
A,p-mediated cAMP accumulation. The difference be-
tween EC;, for NECA and the rest of the agonists is
approximately 2 orders of magnitude. Therefore, re-
sponses elicited by NECA at concentrations in the low
micromolar range (1-10 uM), but not by R-PIA, IB-
MECA or CGS 21680, are characteristic of A, recep-
tors.

Pharmacological characterization of receptors based
on apparent agonist potencies, however, is far from
ideal, because it depends not only on agonist binding to
the receptor but also on multiple processes involved in
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Selective antagonists®
DPCPX, N-0861
SCH 58261, ZM 241385
Enprofylline
MRS 1067, MRS 1097 L-
249313, L-268605

2 Data shown for rat A;, A,,, and A; receptors are K; values based on radioligand binding, from van Galen et al. (1994) and Gallo-Rodriguez et al. (1994). Data shown for A, receptors

None
are EC;, values for cAMP accumulation in human erythroleukemia cells from Feoktistov and Biaggioni (1993) and Feoktistov and Biaggioni (1997a).

R-PIA, CPA
CGS 21680, APEC
IB-MECA, CI-IB-MECA

Selective agonists®

TABLE 1
Pharmacological characteristics of adenosine receptor subtypes

Order of potency for agonists® (uM)
CGS 21680 (0.015) > IB-MECA (0.056) > R-PIA (0.124)

PHARMACOLOGICAL REVIEWS

NECA (2) > R-PIA (160) = IB-MECA (201) > CGS 21680 (1600)
IB-MECA (0.001) > NECA (0.113) = R-PIA (0.158) > CGS 21680 (0.584)

R-PIA (0.001) > NECA (0.006) > IB-MECA (0.054) > CGS 21680 (2.6)

@
NECA (0.01)

receptor

A2A
Azp
A;

aspet

Adenosine
b Data are derived from Feoktistov and Biaggioni (1995), Palmer and Stiles (1995), Jacobson et al. (1996), and Jacobson (1996).
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Non-selective

NH, NH,

N)IN\> Adenosine NESN NECA

Ny LD
HOCHZ\Q/ CHSCHQNHC\OQ 6.3/10/[2,000](h)/113
OH OH OH OH
A -selective

A

Hocrs

AN
1.2/124/[160,000(h)]/158 1 Il > 0.59/460/-240
NP SN N
K > HOGH, ™ N
N N
HOCH, O

OH CH
OH OH

A, -selective

NH,
2

NH
S
N
NP N, N7
—L | \> HN(G Hy),NHCO(CH, CH NH—:I\>
HO,C(CHy)y (CHANH—, 2N(C Ha), (CHz); {CH), N

CH4CHNHC.Q 0. CH,CHNHC.Q 0.
OH OH OHOH
CGS 21680 APEC
2,600/15/[>1mM(h)]/584 400/5.7/-/50
' A;-selective ‘
NHCHZO NHCH, 4@
2NN AN,
’L TS IB-MECA [_NI\ S CIl-IB-MECA
e o T 54/56/1200,000(R)]1.1 (N ) 820/470/-/0.33
OH OH OH OR

Fic. 4. Chemical structure and radioligand binding data on the
affinity of adenosine agonists. K; values (nM) for rat A;/A,\/Asp/Ag
receptors are shown, except as indicated (h, human). Numbers in
brackets represent ECj, of adenosine agonists for cAMP accumula-
tion in HEL cells. Data compiled from Feoktistov and Biaggioni
(1993), van Galen et al. (1994), Jacobson and Suzuki (1996), and
Feoktistov and Biaggioni (1997).

signal transduction. Selective antagonists are preferable
for receptor subtype identification (Kenakin et al., 1992).
Highly selective and potent A,z antagonists are not yet
available, but, whereas A,y receptors have a lower af-
finity for agonists compared with other receptor sub-
types, this is not true for antagonists. The structure-
activity relationship of Agp receptors for adenosine
antagonists has not been completely characterized, but
at least some xanthines are as potent antagonists at Agp
receptors as at other adenosine receptors (Feoktistov
and Biaggioni, 1993; Brackett and Daly, 1994).

The antiasthmatic drug enprofylline (3-n-propylxan-
thine), is the most selective A,z antagonist known to
date. In early studies, enprofylline was found to be about
20 times more potent in blocking hippocampal A, recep-
tors compared with rat fat cell A; receptors (Fredholm
and Persson, 1982). It was initially proposed, therefore,
that enprofylline can selectively block a subtype of A,
receptors in the hippocampus (Fredholm and Persson,
1982). However, enprofylline was then found to be a poor
antagonist of A, receptors in thymocytes (Fredholm and
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Sandberg, 1983) and platelets (Ukena et al., 1985). More
recently, enprofylline has also been found to have a low
affinity for A; receptors (Linden et al., 1993). These
findings led to the conclusion that enprofylline was not
an adenosine receptor antagonist. These original studies
need to be reinterpreted in the light of our current
knowledge of adenosine receptor subtypes. It is now
known that accumulation of cAMP in hippocampal
slices, which was shown to be blocked by enprofylline, is
mediated by A, receptors (Lupica et al., 1990), and that
platelets, found to be insensitive to enprofylline, express
mainly A,, receptors (Feoktistov and Biaggioni, 1993,
Dionisotti et al., 1996; Ledent et al., 1997). Therefore,
previous contradictory results can now be explained by a
selective antagonism of A, receptors by enprofylline.
Indeed, it was recently demonstrated that enprofylline
is equipotent to theophylline as an A,y receptor antag-
onist in HEL cells, with a dissociation constant of an-
tagonist-receptor complex (Kg) of 7 uM (Feoktistov and
Biaggioni, 1995). An analysis of the original results in
the hippocampus (Fredholm and Persson, 1982) reveals
an approximate Kg of 6 uM. An identical K; for enpro-
fylline (7 uM) was found in CHO cells stably transfected
with A, using radioligand binding with [*H]1,3 diethyl-
8-phenylxanthine (Robeva et al., 1996). This value also
correlated well with the K estimated from inhibition of
NECA-induced cAMP generation in a similar cell model
(23 um) (Alexander et al., 1996). Enprofylline is also an
effective antagonist of A,p receptors in human HMC-1
mast cells (Feoktistov and Biaggioni, 1995) and canine
BR mastocytoma cells (Auchampach et al., 1996). In
comparative radioligand binding studies on all four hu-
man adenosine receptors permanently expressed in
CHO cells, enprofylline has been shown to be 22-fold
selective for Ay,p versus A, five-fold versus A,,, and
six-fold versus A; (Robeva et al., 1996). Enprofylline,
therefore, can be considered a relatively selective,
though not potent A,z antagonist.

More potent but nonselective Ayp receptor antagonists
have been also characterized. These compounds include
1,3-dipropyl-8-(p-sulfophenyl)xanthine (DPSPX), 1,3-
dipropyl-8-cyclopentylxanthine (DPCPX), and XAC
(Feoktistov and Biaggioni, 1993; Brackett and Daly,
1994). The xanthine antagonist DPSPX is 20-fold more
potent at A, receptors in HEL cells (Kgz = 141 nwm)
compared with platelet A,, receptors (Feoktistov and
Biaggioni, 1993). However, the affinity of A,y receptors
for DPSPX (Feoktistov and Biaggioni, 1993) is similar to
those of sheep A; (Linden et al., 1993) and rat A, (Ukena
et al., 1986) receptors. Among nonxanthine compounds,
2,4-dioxobenzo[g]pteridine (alloxazine) was reported to
be nine-fold more potent as an antagonist of A,y recep-
tors in VA13 and NIH 3T3 cells compared with A,,
receptors in PC12 cells (Brackett and Daly, 1994; fig. 5).

A,p receptors are frequently found with other adeno-
sine receptor subtypes in the same tissue, and are even
coexpressed in the same cells. Recent advances in the
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development of selective A;, Ays, and A; antagonists
(table 1; fig. 5) provide a new approach to the study of
A, receptors; the nonselective agonist NECA can be
used in conjunction with highly selective antagonists of
other adenosine receptor subtypes to selectively stimu-
late Ay receptors. The ability to selectively block other
adenosine receptors is particularly useful in situations
in which they are present with A,y receptors.

The first selective A; antagonist DPCPX was discov-
ered by two independent groups of investigators (Mar-
tinson et al., 1987; Bruns et al., 1987) and has become
the reference A, receptor antagonist. It is highly selec-
tive for A; versus A,, (80- to 500- fold across species)
(Jacobson et al., 1992; Robeva et al., 1996). In recent
radioligand binding studies involving all four human
recombinant adenosine receptors, DPCPX has been con-
firmed to be 20-fold selective for A; versus A, (Robeva
et al., 1996). Selective blockade of A; receptors with
DPCPX was successfully used to reveal functional Agg
receptors in tissues coexpressing both A; and A,p recep-
tors (Mogul et al., 1993; Murthy et al., 1995; Nicholls et
al., 1996). Other compounds have been identified with
even greater selectivity for the A, receptor; C3-(N-meth-
ylisopropyl)-amino-N®-(5-endohydroxy)-endonorbor-
nan-2-yl-9-methyladenin (WRC-0571) binds to human
A, receptors with a K; of 3 nM and to human A,p recep-
tors with a K, of 19 um. This compound, therefore, is
approximately 6300-fold selective for A; versus Ayg
(Robeva et al., 1996).

Among the new generation of A,, antagonists, 4-(2-
[7-amino-2-)2-furyl(triazolo {2,3-a}-[1,3,5]triazin-5-
ylamino]ethyl)phenol (ZM 241385) was reported to be
30- to 80-fold selective for A, versus Ay (Poucher et al.,
1995). Another antagonist, 5-amino-7-(phenylethyl)-2-
(1-furyl)-pyrazolo[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine
(SCH 58261), has a high affinity (K; = 0.7-2.2 nm) for
A, receptors (Belardinelli et al., 1996; Lindstrom et al.,
1996; Dionisotti et al., 1996; Zocchi et al., 1996a,b;
Ongini et al., 1996; Ongini and Fredholm, 1996) but was
found not to block NECA-induced vasorelaxation of
guinea pig aorta, a process thought to be mediated by
A,p receptors (Zocchi et al., 1996a). The selectivity of
SCH 58261 for A,y versus A,p has been also confirmed
in a cellular system; this compound was ineffective on
HEL cell A, receptors up to a concentration of 100 nm,
whereas it inhibited the CGS 21680-induced cAMP ac-
cumulation in HMC-1 cell (A, receptor) with a Kz of 0.1
nM (Feoktistov and Biaggioni, 1997). SCH 58261, there-
fore, can be useful in the discrimination of A,y function
in cells also coexpressing A,, receptors. This approach
was applied to the study of adenosine receptors in the
human mast cells HMC-1 (fig. 6). The concentration-
response relationship of the nonselective adenosine ag-
onist NECA for cAMP accumulation in these cells fol-
lows a curve with a Hill slope of 0.64 = 0.07 best fitted
to a two-site model with an apparent pD, of 7.69 = 0.42
and 5.92 = 0.21 for the high- and low-affinity sites,
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FiG. 5. Chemical structure and radioligand binding data on the affinity of adenosine antagonists. K; values (nm) for rat A,/A,,/Asp/Ag
receptors are shown, except as indicated (h, human; gp, guinea pig; s, sheep; m, mice). Numbers in brackets represent Ky of adenosine
antagonists. Data compiled from Feoktistov and Biaggioni (1993), Brackett and Daly (1994), van Galen et al. (1994), Jacobson et al. (1996),
Robeva et al. (1996), Jiang et al. (1996), van Rhee et al. (1996), Zocchi et al. (1996a), and Jacobson and Suzuki (1996). *, selective for rat, but

not for human or rabbit A; receptors (Jacobson and Suzuki, 1996).
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FiG. 6. Selective activation of A,p receptors with NECA in
HMC-1 human mast cells coexpressing A,, and A,y receptors, made
possible by blockade of A,, receptors with the selective antagonist
SCH 58261 (Feoktistov and Biaggioni, 1997). See text for details.

respectively. Upon complete blockade of A, receptors
with 100 nMm SCH 58261, the concentration-response
curve of NECA was transformed into a typical sigmoid
curve with a Hill slope 0of 0.93 = 0.06 and a pD,, of 5.68 =
0.03, consistent with activation of A,g receptors. Block-
ade of A,, receptors in the same cells with SCH 58261
did not affect NECA-induced calcium mobilization, con-

firming that this process is mediated solely via A,p
receptors (Feoktistov and Biaggioni, 1997), as it has
been previously suggested on the basis of the lack of
CGS 21680 effectiveness (Feoktistov and Biaggioni,
1995).

Recently, several antagonists with Ag selectivity ver-
sus A; and A,y receptors have been introduced. These
compounds include the flavonoid derivative 3,6-dichloro-
2'-isopropyloxy-4'-methylflavone (MRS 1067) and the
dihydropyridine derivatives 3-ethyl 5-benzyl 2-methyl-
phenylethynyl-6-phenyl-1,4(*+)dihydropyridine-3,5-
dicarboxylate (MRS 1191), 3,5-diethyl 2-methyl-4-
[2-(4-nitrophenyl)-(E)-vinyl-6-phenyl-1,4-(+)-dihydro-
pyridine-3,5-dicarboxylate (MRS 1222), and 3,5-diethyl
2-methyl, 6-phenyl-4-[2-[phenyl-(trans)-vinyl]-1,4(=*)di-
hydropyiridine-3,5-dicarboxylate (MRS 1097) (fig. 5),
which are selective for the human Ag receptor by a factor
of 45- to 1700-fold, versus rat A; and A,, receptors, as
determined from radioligand binding studies (Jiang et
al., 1996; Karton et al., 1996; van Rhee et al., 1996). It
should be noted, however, that the highest degree of
selectivity for these compounds is observed when their
effects on human Aj receptors are compared with their
effects on rat A; and A,, receptors. For example, MRS
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1191 was selective for the human A receptor by factor of
1300-fold, whereas for the rat A; receptor, the selectivity
was only 11-fold versus the rat A; receptor (Jiang et al.,
1996). Among other compounds, the triazolonaphthyri-
dine derivative 6-carboxymethyl-5,9-dihydro-9-methyl-
2-phenyl-[1,2,4]-triazolo-{5,1-a}-[2,7]-naphthyridine (L-
249313) (fig. 5) is highly potent on human Aj receptors
(K; =13 nM), but not on rat A; receptors (K; = 58 um).
The thiazolopyrimidine derivative 3-(4-methoxyphenyl)-
5-amino-7-oxo-thiazolo-[3,2]-pyrimidine (L.-268605) was
also shown to be a potent antagonist on human Ag re-
ceptor (K; = 18 nm). Both compounds are highly selective
for the human A receptor versus the human A; (>300-
fold) and A,, (>1400-fold) receptors (Jacobson et al.,
1996). Unfortunately, A,z receptors have not been in-
cluded when characterizing the selectivity of A; antag-
onists. Additional studies of A; antagonists with respect
to A,p receptors are required to verify whether they can
be useful to discriminate between A; and A,p-mediated
effects.

In summary, potent and selective agonists and antag-
onists are available for all adenosine receptors except for
the A,p subtype. The characterization of A, receptors
has been based on apparent potencies of agonists selec-
tive to other adenosine receptor subtypes. The develop-
ment of selective A;, A,,, and A; antagonists provides a
new approach when used in conjunction with the nonse-
lective agonist NECA to selectively stimulate A, recep-
tors. This approach is particularly useful in tissues or
cells expressing more than one adenosine receptor. How-
ever, much progress in this field could be achieved by the
development of selective A,z receptor antagonists. Be-
cause of the low affinity of this receptor for agonists, the
design of selective and potent A,p antagonists seems to
be more promising than the development of selective
agonists.

V. Distribution of A,z Receptors

The generation of cDNA for A,y receptors has made
possible the identification of the tissue distribution of
this receptor subtype. A, receptor messenger ribonu-
cleic acid (mRNA) was originally detected in a limited
number of rat tissues by Northern blot analysis, with
the highest levels found in cecum, bowel, and bladder,
followed by brain, spinal cord, lung, epididymis, vas
deferens, and pituitary (Stehle et al., 1992). The use of
more sensitive reverse transcriptase-polymerase chain
reaction techniques revealed a ubiquitous distribution of
A,p receptors. mRNA encoding A, receptors was de-
tected at various levels in all rat tissues studied, with
the highest levels in the proximal colon and lowest in the
liver (Dixon et al., 1996). In situ hybridization of A,p
receptors showed widespread and uniform distribution
of Ayg mRNA throughout the brain (Stehle et al., 1992;
Dixon et al., 1996). The expression of A, receptors in a
variety of human and murine tissues has been con-
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firmed by Western blotting and by immunostaining with
an anti-A,p receptor antibody (Puffinbarger et al., 1995).

Pharmacological identification of A, receptors, based
on their low affinity and characteristic order of potency
for agonists, also indicates a widespread distribution of
A,p receptors. In brain, functional A,p receptors are
found in neurons (Mogul et al., 1993; Okada et al., 1996;
Kessey et al., 1997) and glial cells (van Calker et al.,
1979; Elfman et al., 1984; Hosli and Hosli, 1988; Altiok
et al., 1992; Peakman and Hill, 1994, 1996; Fiebich et
al., 1996a). Although there is no evidence that Ayp re-
ceptor are present in microglia (Fiebich et al., 1996b),
there is ample data that show that they are expressed in
astrocytes and in different glioma cell lines (Elfman et
al., 1984; Hosli and Hosli, 1988; Altiok et al., 1992;
Peakman and Hill, 1994, 1996; Fiebich et al., 1996a).
The expression of A,g receptors in glial cells, which
represent a majority of the brain cell population, can
explain the original observation that slices from all
brain areas examined showed an adenosine-stimulated
cAMP response (Sattin and Rall, 1970; Daly, 1976).

Functional A,p receptors have been found in fibro-
blasts (Brackett and Daly, 1994) and various vascular
beds (Martin, 1992; Martin et al., 1993; Chiang et al.,
1994; Martin and Potts, 1994; Haynes et al., 1995; Ru-
bino et al., 1995; Prentice and Hourani, 1996; Dubey et
al., 1996b). Contamination with these cells may also
contribute to the widespread pattern of A,y receptor
distribution in all organs. This possibility should always
be considered, especially when data from crude tissue
preparations are analyzed. The presence of functional
A,p receptors also has been demonstrated in hematopoi-
etic cells (Feoktistov and Biaggioni, 1993; Porzig et al.,
1995), mast cells (Marquardt et al., 1994; Feoktistov and
Biaggioni, 1995), myocardial cells (Liang and Haltiwan-
ger, 1995), intestinal epithelial (Strohmeier et al., 1995)
and muscle cells (Murthy et al., 1995; Nicholls et al.,
1996), retinal pigment epithelium (Blazynski, 1993;
Gregory et al., 1994), endothelium (Iwamoto et al.,
1994), and neurosecretory cells (Casado et al., 1992;
Gharib et al., 1992; Mateo et al., 1995).

Coexpression of A,p receptors together with other
adenosine receptors has been reported in various cell
preparations and cell lines. Functionally coupled Agp
and A,, receptors are coexpressed in rat pheochromocy-
toma PC12 cells (Hide et al., 1992; Chern et al., 1993;
van der Ploeg et al., 1996), T-cell leukemia Jurkat cells
(van der Ploeg et al., 1996), mouse bone marrow-derived
mast cells (Marquardt et al., 1994), human mast HMC-1
cells (Feoktistov and Biaggioni, 1995), human aortic en-
dothelial cells (Iwamoto et al., 1994), human umbilical
vein endothelial cells (Feoktistov and Biaggioni, unpub-
lished observations), and human neutrophil leukocytes
(Fredholm et al., 1996¢). mRNA encoding A, 4, Asp, and
A;, but not A; receptors, have been found in rat RBL
2H3 mast cells (Ramkumar et al., 1993; Marquardt et
al., 1994).
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Functional A, receptors can also be coexpressed with
A,, and/or Agp receptors. In most cases, a selective
blockade of A; receptors is required to unmask func-
tional A,y receptors. This approach was successfully
used in dispersed guinea pig small intestinal muscle
cells (Murthy et al., 1995), in rat duodenum longitudinal
muscle muscularis mucosae cells (Nicholls et al., 1996),
and in guinea pig pyramidal neurons from the hip-
pocampal CA3 region (Mogul et al., 1993). Similarly,
uncoupling of A, receptor using pertussis toxin unmasks
the presence of Ay, and A,p receptors in ventricular
myocytes (Liang and Haltiwanger, 1995). By contrast, it
was not necessary to block A; receptors in various glial
cells to observe either A,, or A,z receptor-mediated
stimulation of adenyl cyclase (Elfman et al., 1984; Altiok
et al., 1992; Peakman and Hill, 1994, 1996; Fiebich et
al., 1996a). Also, the balance between A;- and A,-medi-
ated responses can be modulated. For example, cortico-
steroid treatment of DDT; MF2 smooth muscle cells
increased A; receptor number and signaling and de-
creased A, receptor signaling (Gerwins and Fredholm,
1991). A similar decrease in the A,y signaling upon
dexamethasone treatment was also reported in Jurkat
cells (Svenningsson and Fredholm, 1997).

Coexistence of different adenosine receptor types in
cells obtained from primary tissue cultures (Iwamoto et
al., 1994; Peakman and Hill, 1994, 1996) may be attrib-
uted to the presence of different subpopulations of cells,
each one expressing a single type of adenosine receptor.
However, studies on established cell lines (Hide et al.,
1992; Feoktistov and Biaggioni, 1995; van der Ploeg et
al., 1996) have confirmed the coexpression of adenosine
receptors in a single target cell. Moreover, studies per-
formed on single cells have also demonstrated the pres-
ence of more than one adenosine receptor subtype (Liang
and Morley, 1996; Strickler et al., 1996), including Ayp
receptors (Liang and Haltiwanger, 1995).

Coexpression of A,z and A, 4 receptors has been dem-
onstrated even in clonal cell lines originally used to
describe prototypic Ay, (PC12 cells) and A,y receptors
(Jurkat cells) (van der Ploeg et al., 1996). These cells
predominantly express A,, and A,p receptors, respec-
tively, and the presence of the other receptor type was
recognized only after carefully conducted studies using
differential responses to a series of 2-substituted aden-
osine analogs (Hide et al., 1992; van der Ploeg et al.,
1996). It is entirely possible, therefore, that more exam-
ples of cells coexpressing adenosine receptors may be-
come apparent after selective adenosine antagonists are
applied in the characterization of these cells.

The functional meaning of this simultaneous expres-
sion of multiple adenosine receptor subtypes in a single
target cell is not known. Because A; and A,, receptors
have a higher affinity for adenosine, in many cellular
systems, these receptors need to be blocked before A,p-
mediated effects are apparent (Mogul et al., 1993; Liang
and Haltiwanger, 1995; Murthy et al., 1995; Nicholls et

389

al., 1996; Kessey et al., 1997; Feokstistov and Biaggioni,
1997). This, however, is not always the case. Both A; and
A,p receptors are present in glial cells of rat astrocytes,
and stimulation of A,p receptors with the nonselective
agonist NECA induces cAMP accumulation that is evi-
dent even in the presence of A; receptors (Elfman et al.,
1984; Altiok et al., 1992; Peakman and Hill, 1994, 1996;
Fiebich et al., 1996a). It is possible that the relative
importance of A,y receptors is greater in situations in
which high interstitial levels of adenosine are reached,
e.g., in tissues in which metabolic demands are in-
creased or oxygen supply is decreased, whereas the high
affinity A; and A,, receptors may modulate cellular
functions in response to lower concentrations of this
autacoid. The recent recognition that in cells coexpress-
ing other adenosine receptors, A, receptors can be cou-
pled to distinct intracellular pathways (Feoktistov and
Biaggioni, 1995), may also provide the basis for a differ-
ential physiological role.

VI. Intracellular Pathways Regulated by A,y
Receptors

It is generally accepted that A,, and A,y receptors are
coupled to G, proteins, because both activate adenyl
cyclase in virtually every cell in which they are ex-
pressed. Although activation of adenyl cyclase is argu-
ably an important signaling mechanism for A,, recep-
tors, this is not necessarily the case for A, receptors, as
other intracellular signaling pathways have been found
to be functionally coupled to Ayp receptors in addition to
adenyl cyclase (fig. 7).

Recombinant rat A, receptors expressed in Xenopus
oocytes activate calcium-dependent chloride conduc-
tance presumably by stimulation of phospholipase C
(Yakel et al., 1993). Likewise, it has been proposed that
A,p receptors stimulate phospholipase C in mouse bone
marrow-derived mast cells (Marquardt et al., 1994).
Regulatory proteins of the G, family are thought to play
arole in the coupling of A,y receptors to B-phospholipase
C in human mast HMC-1 cells (Feoktistov and Biag-
gioni, 1995) and canine BR mastocytoma cells (Aucham-
pach et al., 1996), because this process is unaffected by
treatment with pertussis or cholera toxins. A,p receptor-
mediated stimulation of B-phospholipase C results in
mobilization of intracellular calcium in HMC-1 cells and
eventually promotes synthesis of interleukin-8 (IL-8)
(Feoktistov and Biaggioni, 1995; fig. 7a). In contrast to
A, receptors, there is no evidence that A,, receptors
can stimulate phospholipase C under physiological con-
ditions, even though cotransfection of human A, recep-
tors with murine Ga;5 and human Ga;4, but not with
Ga,, Gayq or Gayy, results in Ay ,-mediated stimulation
of phospholipase C in COS-7 cells (Offermanns and Si-
mon, 1995). However, promiscuous coupling of Ga,5 and
Gayg has been observed when these G proteins are co-
expressed with receptors which are otherwise not nor-
mally coupled to phospholipase C (Milligan et al., 1996).
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F1G. 7. Schematic representation of intracellular pathways cou-
pled to adenosine A,y receptors in various cells. A, receptors are
coupled to adenyl cyclase (AC) in all cells shown. Activation of this
pathway results in accumulation of cAMP and stimulation of protein
kinase A (PKA). (A) A, receptors are coupled to phosphatidylinos-
itol-specific phospholipase C (PI-PLC) via a G protein of the G,
family [G(,] in mast cells (Marquardt et al., 1994; Feoktistov and
Biaggioni, 1995; Auchampach et al., 1996). Activation of this path-
way results in increase in diacylglycerol (DAG) and inositol trisphos-
phate (IP,). Diacylglycerol stimulates protein kinase C (PKC). Ino-
sitol trisphosphate activates mobilization of calcium from
intracellular stores. (B) Ayp receptors potentiate calcium influx di-
rectly by coupling with G, protein in HEL cells (Feoktistov et al.,
1994). (C) In contrast, A, receptors potentiate calcium influx via
cAMP and activation of protein kinase A in pyramidal neurons from
the CA3 region of guinea pig hippocampus (Mogul et al., 1993).

Also, expression of Ga;; and Ga,4 is limited only to a
subset of hematopoietic cells (Amatruda et al., 1991;
Wilkie et al., 1991).

Stimulation of A, receptors also increases intracellu-
lar calcium in HEL cells but not through a mechanism
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involving phospholipase C activation (fig. 7b). In con-
trast to the cholera toxin- and pertussis toxin-insensi-
tive mobilization of intracellular calcium observed in
HMC-1 mast cells, A,z receptors facilitate calcium in-
flux through a cholera toxin-sensitive mechanism in
HEL cells. This effect was observed only when intracel-
lular calcium levels were elevated, either by receptor-
dependent (e.g., by thrombin) or -independent (e.g.,
thapsigargin) mechanisms. Even though this process is
coupled to G.-proteins, it is cAMP-independent. It has
been suggested that aG,, coupled to A, receptors, can
directly stimulate a putative calcium channel (Feoktis-
tov et al., 1994), as proposed for other G,-coupled recep-
tors (Imoto et al., 1988; Scamps et al., 1992).

Of interest, a similar mechanism has been suggested
for A, receptors in fetal chicken ventricular myocar-
dium cells. These cells coexpress A, and A,p receptors,
and both are positively coupled to stimulation of adenyl
cyclase and myocyte contractility (Liang and Haltiwan-
ger, 1995). Selective activation of A,, receptors with
CGS 21680 results in cAMP-independent calcium entry
in pertussis toxin-treated cells. This effect does not in-
volve simulation of phospholipase C and was blocked by
the selective A,, antagonist 8-(3-chlorostyryl)caffeine
(Liang and Morley, 1996). This study did not explore the
possibility that A,p receptors share a common mecha-
nism of G,-mediated stimulation of calcium entry with
A, receptors. This could be tested by using the nonspe-
cific A, agonist NECA in the presence of a selective Ay,
antagonist such as SCH 58261.

In another example of positive modulation of intracel-
lular calcium, it has been reported that activation of A,p
receptors results in significant potentiation of P-type,
but not N-type, calcium currents in pyramidal neurons
from the CA3 region of guinea pig hippocampus. This
mechanism was thought to be mediated by adenyl cy-
clase, because this potentiation could be inhibited by
blocking the cAMP-dependent protein kinase (Mogul et
al., 1993; fig. 7c).

It has recently been recognized that intracellular sig-
naling of A, receptors can be modulated by interaction
with other receptor systems (Fredholm, 1995; Fredholm
et al., 1996a; fig. 8). For example, agents that increase
intracellular calcium or activate protein kinase C signif-
icantly potentiate A,p-mediated cAMP production in
various cells (Hollingsworth et al., 1985; Norstedt and
Fredholm, 1987; Fredholm et al., 1987; Norstedt et al.,
1989; Kvanta et al., 1989, 1990; Altiok et al., 1992; fig.
8a). On the other hand, bradykinin-stimulated calcium
entry caused inhibition of A,y receptor-stimulated ade-
nyl cyclase in astrocytoma D384 cells (fig. 8b), but direct
stimulation of protein kinase C enhanced the A,y re-
sponse (Altiok et al., 1992; Altiok and Fredholm, 1993).
The exact mechanism of the interaction between protein
kinase C and A,z-mediated pathways is not known, but
it cannot be considered a unique feature of A,y recep-
tors. For instance, activation of thrombin-induced phos-
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F1c. 8. Modulation of A,y receptor signaling. (A) In Jurkat cells,
stimulation of calcium entry and of protein kinase C (PKC) by T-cell
receptor activation increases the magnitude of the cAMP response to
stimulation of A,y receptors (Kvanta et al., 1989; Fredholm et al.,
1996a). (B) In human astrocytoma cells, D384 activation of protein
kinase C is also able to enhance A, receptor-mediated cAMP accu-
mulation, but the stimulation of calcium entry via the bradykinin B,
receptor leads to inhibition of A,y receptor-mediated cAMP accumu-
lation (Altiok and Fredholm, 1993; Fredholm et al., 1996a).

Ca” influx
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pholipase C pathways potentiate cAMP accumulation
stimulated by IP prostanoid receptors in HEL cells
(Turner et al., 1992; Feoktistov et al., 1997). It has been
suggested that protein kinase C does not exert its effect
at the level of the receptor but rather affects the cou-
pling of the stimulated G, protein with adenyl cyclase
(Fredholm, 1995). The synergistic interaction between
the A,p receptors and the calcium/protein kinase C
pathway can occur further down in the signaling cas-
cade. Thus, A,p receptors greatly potentiate the phorbol
12-myristate 13-acetate-induced synthesis of IL-8 in hu-
man mast cells (Feoktistov and Biaggioni, 1995). In T-
lymphocytes, the T-receptor is known to activate imme-
diate early gene transcription, leading to the activation
of the AP-1 transcription factor (Kvanta et al., 1992).
A,p receptors significantly potentiate this response, im-
plying that cAMP, and calcium/protein kinase C path-
ways, may act in concert in the regulation of gene tran-
scription (Kontny et al., 1992; Kvanta and Fredholm,
1994).

In summary, A,y receptors are coupled to adenyl cy-
clase through G proteins in every cell studied. Current
evidence suggests that the actions of A,p receptors can
be mediated not only by cAMP, but also by other intra-

391

cellular pathways that may vary between cells. A, re-
ceptors can couple to calcium channels through G, but
additional studies are needed to determine the type of
channel involved. Similarly, it remains to be determined
which member of the G, family is responsible for Ayp
receptor coupling to phospholipase C. It is of interest
that, as far as intracellular pathways are concerned, A,
receptors have as much in common with A; or A; recep-
tors (activation of phospholipase C), as with A,, recep-
tors (activation of adenyl cyclase). It would be important
to determine which domain of the A,z receptor defines
the differences in G protein coupling between A,, and
A,p receptors.

VII. Physiological Functions of A,; Receptors
A. Control of Vascular Tone

Adenosine-induced vasodilation has been tradition-
ally attributed to activation of A,, receptors. However,
the recent finding of the presence of A,y receptors in
some vascular beds raised the possibility that they par-
ticipate in the regulation of vascular tone. Indeed, there
are vascular beds in which the nonselective agonist
NECA produces profound vasodilation, but the selective
A, agonist CGS 21680 has little effect, suggesting that
adenosine-induced vasodilation is mediated via A, re-
ceptors (for review, see Webb et al., 1992). This phenom-
enon is observed in guinea pig aorta and dog saphenous
vein (Hargreaves et al., 1991), and in dog coronary ar-
teries (Balwierczak et al., 1991). This effect is not due to
species differences, because both A,, and A,y receptors
may mediate vasodilation in the same species. In guinea
pig, for instance, A,, receptors mediate relaxation of
coronary vessels, whereas A, receptors produce vasodi-
lation of the aorta (Martin, 1992; Martin et al., 1993).
Likewise, the A,, agonist CGS 21680 lowers blood pres-
sure in the intact dog (Levens et al., 1991), presumably
by inducing vasodilation, despite its lack of efficacy in
the coronary arteries of this species.

The vasodilatory effects of adenosine can be accounted
for by a direct relaxing action on vascular smooth muscle
cells. However, recent studies have suggested that the
endothelium contributes to, or is even essential for, the
vasodilatory effects of intravascular adenosine. It has
been shown that most of the labeled adenosine admin-
istered intra-arterially is contained within endothelial
cells, and very little escapes this endothelium trap to
reach the underlying vascular smooth muscle (Nees et
al., 1985). Similarly, intravascular administration of
adenosine linked to macromolecules, and therefore less
likely to cross the endothelium, is still able to produce
vasodilation (Olsson et al., 1977).

In vitro studies, however, have yielded conflicting re-
sults as to whether the vasodilatory actions of adenosine
are different in vascular preparation with intact or de-
nuded endothelium (Rubanyi and Vanhoutte, 1985; Yen
et al., 1988; Falcone et al., 1993; Maekawa et al., 1994).
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Evaluation of a putative endothelium-dependent vasodi-
lation by adenosine is challenging in ring preparation,
because adenosine will produce vasodilation in prepara-
tions with or without endothelium. This is particularly
true when stable agonists are used, because they are not
trapped by the endothelium in the way adenosine is and
have more ready access to the underlying vascular
smooth muscle. Other endothelium-dependent vasodila-
tors will constrict vascular smooth muscle in the absence
of endothelium (Furchgott, 1984), making their distinc-
tion easier. Conversely, adenosine-induced vasodilation
could conceivably produce flow-related release of nitric
oxide (NO), giving the appearance of NO-mediated va-
sodilation (Olsson, 1996).

Methodological difficulties notwithstanding, more
fundamental differences may explain the apparent dis-
crepancies regarding the role of the endothelium on ad-
enosine-induced vasodilation. Given the diversity of en-
dothelial cell types, it is possible that endothelial
vasodilatory responses to adenosine vary between spe-
cies, and within the same species depending on the
vascular bed being studied. It is unclear to what degree
endothelial A, or A, receptors may contribute to these
differences. This issue will be resolved only if studies
that examine the endothelium-dependency of adenosine-
induced vasodilation also define the adenosine receptor
subtype involved.

A, receptors have been shown in endothelial cells.
Both A,p and A,y receptors regulate cAMP production
in human aortic (Iwamoto et al., 1994) and human um-
bilical vein (Feoktistov and Biaggioni, unpublished ob-
servations) endothelial cells, and A,g receptor mRNA
has been detected in human aortic endothelial cells
(Iwamoto et al., 1994). Few studies have directly exam-
ined the possible interaction between A,y receptors and
endothelium-derived vasodilation, and results vary de-
pending on the vascular bed studied. A,y receptors me-
diate vasodilation in the rat mesenteric arterial bed
(Rubino et al., 1995) and in the isolated blood-perfused
rat lung preparation (Haynes et al., 1995). In both cases,
A,p-mediated vasodilation seems to be independent of
NO generation, because they were not reversed by inhi-
bition of NO synthase by N@-nitro-L-arginine methyl
ester (L-NAME) (Haynes et al., 1995; Rubino et al.,
1995). On the contrary, isolated rat renal artery rings
contain A,p receptors that are located exclusively on the
endothelium and cause NO release and vasodilation,
because this vasodilation can be blocked with 1.-NAME
and prevented by removal of the endothelium (Martin
and Potts, 1994). Similarly, A,g receptors also appear to
vasodilate the rabbit corpus cavernosum, and this effect
is reduced by removal of the endothelium (Chiang et al.,
1994).

In summary, both A,, and A,p receptors mediate
vasodilation. The relative contribution of A,y receptors
to adenosine-induced vasodilation is not defined. There
are also conflicting results as to the importance of NO
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generation in adenosine-induced and A,p-induced vaso-
dilation, but there are some examples in which the en-
dothelium contributes to A,z-mediated vasodilation. To
complicate things further, in some vascular beds, ade-
nosine-induced vasodilation is endothelium-dependent
but does not appear to be mediated by NO because it is
not blocked by inhibition of NO synthase, raising the
possibility that other endothelial factors, such as endo-
thelium-dependent hyperpolarizing factor, may be in-
volved (Headrick and Berne, 1990). The precise nature
of the interaction between A,y receptors and endothelial
cells and their role in the regulation of vascular tone are
areas where more research is needed.

B. Cardiac Myocyte Contractility

Adenosine has important protective effects against
ischemia in the myocardium, but these effects are
largely attributed to A; receptors (for review, see Olsson
and Pearson, 1990). It has been reported recently that
myocytes isolated from fetal chick ventricles, but not
from the atria, possess functional A, and A, receptors.
Both receptors are capable of augmenting myocardial
contractility in this model. These adenosine effects, how-
ever, become evident only after inhibitory A; receptor
pathways are inactivated with pertussis toxin (Liang
and Haltiwanger, 1995). Presence of A, receptors, capa-
ble of stimulating cAMP accumulation, was demon-
strated in cultured adult rodent myocardial cells after
A, receptor blockade (Romano et al., 1989; Stein et al.,
1993; Xu et al., 1996). These results could be explained
by a possible contamination of myocardial preparations
with fibroblasts and endothelial cells expressing Agp
receptors. However, studies performed on single cells
argue against this possibility. A positive inotropic re-
sponse mediated via A, receptors was demonstrated in
cultured rat and guinea pig ventricular myocytes (Stein
et al., 1993; Xu et al., 1996; Dobson and Fenton, 1997).
The role of myocardial A, receptors in mediating a pos-
itive inotropic effect remains a controversial issue (Ols-
son, 1996), and their physiological significance is un-
clear, given that their effects become evident only under
blockade of A; receptors.

C. Modulation of Neurosecretion and
Neurotransmission

Adenosine is in general considered to be a depressor of
neurons, inhibiting neurotransmitter release and other
neuronal functions (Phillis et al., 1993a) and acts as a
neuroprotective against ischemia (Dragunow and Faull,
1988). Many of these inhibitory actions are mediated by
A, receptors (Dunwiddie and Fredholm, 1989). A, recep-
tors, on the other hand, have been shown to mediate
excitatory actions on the nervous system (Sebastido and
Ribeiro, 1996). Earlier studies did not use specific ago-
nists or antagonists to allow a precise identification of
the A, receptor subtype involved, and relatively little
information is available for the A,y receptor. More re-
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cently, several excitatory actions have been linked to the
A, receptor, including enhancement of the release of
several neurotransmitters, including acetylcholine, the
excitatory amino acids glutamate and aspartate, dopa-
mine, and norepinephrine (for review, see Sebastido and
Ribeiro, 1996). However, gene knockout mice lacking
A, receptors exhibit aggressive behavior and lack the
stimulant effect of caffeine (Ledent et al., 1997), suggest-
ing that A,, receptors normally exert a tonic central
depressant action. This is in agreement with several
observations indicating a depressant effect of A,, ago-
nists on locomotor activity (Sebastido and Ribeiro, 1996).
It should be noted, however, that comparisons between
molecular mechanisms of excitation and integrated
physiological responses need to be done with care. For
example, adenosine depresses sympathetic nerve activ-
ity and blood pressure when injected into the nucleus
tractus solitarii (Tseng et al., 1988) via activation of A,
receptors (Barraco et al., 1991). This apparent depres-
sant action, however, is mediated by local stimulation of
the release of the excitatory amino acid glutamate
(Mosqueda-Garcia et al., 1989, 1991), mediated by Ay,
receptors (Castillo-Melendez et al., 1994).

A,p receptors are widespread in the brain, but little is
known about their function. There are, however, several
examples of neuroexcitatory actions. Adenosine agonists
increase the release of the excitatory amino acid aspar-
tate in rat cerebral cortex cup superfusates in vivo while
depressing the release of the inhibitory amino acid
GABA (Phillis et al., 1993b). The agonist profile was
suggestive of an A,p receptor, in that it was produced by
a high concentration of N®-cyclopentyladenosine (CPA),
but not by the A,, agonist CGS 21680. If confirmed,
these results would suggest that A, receptors would
lead to greater tissue injury if activated during is-
chemia, an action that is in sharp contrast to the postu-
lated protective effects of A; receptors. In this same
model, A, receptors also enhance basal release of ace-
tylcholine (Phillis et al., 1993a).

Acutely isolated pyramidal neurons from the CA3 re-
gion of guinea pig hippocampus contain A; receptors
that inhibit N-type Ca®" currents. After blockade of A,
receptors, adenosine agonists potentiate a P-type Ca®"
current with a pharmacological profile consistent with
A,p receptors, inasmuch as the A,, agonist CGS 21680
had no effect (Mogul et al., 1993). Likewise, after A;
receptor blockade, A,p receptors induce long-term po-
tentiation in the CA1 region of rat hippocampus (Kessey
et al., 1997). Although these studies were not designed
to explore the site of action of A,y receptors, the results
were consistent with a postsynaptic site of action. It
should be noted that the selective A,, agonist CGS
21680 was also found to facilitate long-term potentiation
in the hippocampal CA1 area (de Mendonca and Ribeiro,
1994), whereas A; receptors inhibit long-term potentia-
tion in this area of the brain (Arai and Lynch, 1992). The
relative importance of these contrasting pathways cou-
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pled to adenosine receptor subtypes remains to be de-
fined under physiological and pathological conditions.
Similarly, A, receptors inhibit dopamine release in rat
striatum, but selective blockade of A, receptors reveals a
stimulatory effect of A,y receptors on dopamine release
(Okada et al., 1996).

Adenosine also inhibits norepinephrine release from
peripheral noradrenergic nerve terminals (Wakade and
Wakade, 1978). This effect is thought to be mediated by
putative presynaptic A; receptors (Paton, 1981), but the
inhibition of norepinephrine release in isolated canine
pulmonary arteries was better explained by A,g recep-
tors, based on rank order of potencies of agonists
(Tamaoki et al., 1997). Similarly, the pharmacological
profile for adenosine-induced inhibition of neurotrans-
mission in rabbit corpus cavernosum is consistent with
that of an A,p receptor (Chiang et al., 1994). On the
other hand, the nonselective A, agonist NECA potenti-
ated acetylcholine release evoked by electrical stimula-
tion of the rat bronchial smooth muscle and was 100-fold
more potent than the A,, agonist CGS 21680 (Walday
and Aas, 1991). Furthermore, this process was blocked
by 10 uM enprofylline. The effect of exogenous acetylcho-
line was not affected by NECA. Taken together, these
results provide evidence for an A,y presynaptic receptor
that enhances neurally mediated release of acetylcho-
line and thereby induces contraction of bronchial smooth
muscle (Walday and Aas, 1991).

Adenosine also modulates release of catecholamines
from chromaffin cells. These adrenal medullary cells are
under neural control through cholinergic nicotinic recep-
tors. No specific binding was found using selective li-
gands for the A; or A,, receptors in chromaffin cells
from bovine adrenal medulla, but specific binding was
obtained using [PHINECA. These results were inter-
preted as evidence that only A,g receptors are expressed
in these cells (Casado et al., 1992). At high (20 uM)
concentrations, the nonselective agonist NECA inhibits
catecholamine release induced by nicotinic stimulation,
presumably by activation of A, receptors (Mateo et al.,
1995). This effect has an unusually slow time course and
is seen only after 20 to 30 minutes of preincubation with
NECA, and its physiological relevance is not clear.

D. Cell Growth and Gene Expression

Whereas most studies of the cardiovascular effects of
adenosine have focused on its acute actions on vascular
tone and adrenergic neurotransmission, recent evidence
suggests that adenosine may also play a long-term mod-
ulatory role in smooth muscle growth. Exogenous aden-
osine was shown to inhibit rat aortic smooth muscle cell
growth induced by fetal calf serum, as assessed by a
decrease in thymidine incorporation and in cell number
(Dubey et al., 1996b). These inhibitory effects were re-
versed by the A, receptor antagonist KF 17837, but not
by the A; antagonist DPCPX, and were not mimicked by
the A, agonist CGS 21680, suggesting that this effect is
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mediated by Agp receptors (Dubey et al., 1996b). Activa-
tion of adenyl cyclase is postulated as the signaling
pathway involved, because this effect is mimicked by
8-bromo-cAMP. These investigators later showed that
stimulation of these vascular smooth muscle cells by
fetal calf serum can trigger release of endogenous aden-
osine, which then acts in an autocrine fashion to inhibit
growth. The importance of endogenous adenosine is less
certain, because inhibition of vascular smooth muscle
growth by endogenous adenosine is evidenced only if
adenosine deaminase is inhibited (Dubey et al., 1996a).
It is postulated that this reflects a limitation of the
experimental model, due to the presence of adenosine
deaminase in the fetal calf serum used to stimulate
vascular smooth muscle growth. If a role for endogenous
adenosine is confirmed, this finding would establish a
novel cardioprotective effect of adenosine, with rele-
vance to vascular remodeling process observed in hyper-
tension and atherosclerosis.

A, receptors can also modulate gene expression, in
some cases leading to inhibition of protein synthesis. For
example, stimulation of A,g receptors decreases collage-
nase gene expression in interleukin-l1-stimulated cul-
tured fibroblast-like synoviocytes, an effect apparently
mediated by cAMP elevation (Boyle et al., 1996). In
contrast, A, receptors promoted the synthesis of IL-8 in
HMC-1 mast cells by a cAMP-independent mechanism
(Feoktistov and Biaggioni, 1995). It has been recently
demonstrated that A,z receptors can also induce an
increase in interleukin-6 mRNA levels and protein syn-
thesis in the human astrocytoma cell line U373 MG
(Fiebich et al., 1996a). The synergistic relationship be-
tween A,y receptors and T-receptors, and generally be-
tween cAMP and protein kinase C pathways in gene
expression, has been discussed in detail elsewhere
(Fredholm, 1995; Fredholm et al., 1996a).

E. Regulation of Intestinal Tone and Secretion

The high levels of A,p receptor expression found in
different parts of the intestinal tract motivated great
interest in defining their function. In some studies, A,p
receptor mRNA expression is greatest in intestinal tis-
sue among all organs (Stehle et al., 1992). It appears
that A,p receptors may be involved in modulation of
intestinal tone as well as intestinal secretion. Adenosine
elicits relaxation of dispersed guinea pig longitudinal
muscle cells from small intestine via A, receptors cou-
pled to adenyl cyclase but produced contraction through
A, receptors by increasing intracellular calcium (Mur-
thy et al., 1995). The A,g-mediated relaxation was evi-
dent only after A; receptor blockade, raising doubts as to
their importance. However, blockade of A, receptors po-
tentiated A;-mediated contraction, indicating that A,p
receptors do provide a restraining function against in-
testinal contraction. In rat duodenum, A,y receptors
cause relaxation of longitudinal muscle but contraction
of muscularis mucosae (Nicholls et al., 1996). This is an
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unexpected result and the first example of an excitatory
response by Ay receptors in a smooth muscle prepara-
tion. This tissue is also unusual in that A; receptors
were found to produce relaxation of duodenal longitudi-
nal muscle (Nicholls et al., 1996). A,y receptors have
also been shown to relax guinea pig taenia ceci, based on
the pharmacological profile of agonists (Prentice and
Hourani, 1997). The functional relevance of the intesti-
nal relaxant actions of A,g receptors has not been de-
fined. Of interest, adenosine A,y receptors also mediate
relaxation of other visceral smooth muscle such as rat
urinary bladder (Nicholls et al., 1996) and rat vas defer-
ens (Hourani et al., 1993).

The effect of A, receptors on epithelial secretion has
received particular attention because of its potential
relevance to diarrheal processes. As part of the patho-
physiology of these disorders, neutrophils are recruited
into intestinal crypts, where they release a soluble “neu-
trophil-derived secretagogue” that then activates intes-
tinal epithelium to stimulate chloride secretion. This
chloride secretion has the net effect of producing isotonic
fluid secretion, an important component of diarrheal
diseases. This neutrophil-derived secretagogue has re-
cently been identified as AMP (Madara et al., 1993),
which is then converted to adenosine at the epithelial
cell surface by ecto-5'-nucleotidase. It is adenosine that
then acts as a paracrine mediator of chloride secretion
(Madara et al., 1993). It was later demonstrated that
neutrophil-derived adenosine elicits chloride secretion
in the intestinal epithelial cell line T84 via activation of
A,p receptors (Strohmeier et al., 1995), implying the
possible involvement of this receptor subtype in the
pathophysiology of diarrheal diseases. In contrast to
these findings, A,p receptors reportedly inhibit intesti-
nal fluid secretion induced by vasoactive intestinal pep-
tide in rat jejunum (Hancock and Coupar, 1995). These
results should be interpreted with caution, because re-
ceptor characterization was done by relative potency of
agonists and antagonists injected intravenously in anes-
thetized rats. Definite receptor characterization cannot
be completed until the tissue localization of these puta-
tive A, receptors is determined and in vitro studies are
performed (Hancock and Coupar, 1995). The presence of
A,p receptors in epithelial cells of human intestine has
been demonstrated by immunohistochemistry with an
anti-Ayp receptor antibody (Puffinbarger et al., 1995),
but more studies are needed to define their role in in-
testinal secretion and diarrheal processes.

F. Adenosine and Asthma

Adenosine has been implicated in the pathophysiology
of asthma (for review, see Church and Holgate, 1986;
Feoktistov and Biaggioni, 1996), and several lines of
evidence support this hypothesis. Inhaled adenosine, or
its precursor AMP, provokes bronchoconstriction in
asthmatic patients (Cushley et al., 1984). This effect is
fairly specific for patients with asthma, and even high

2102 ‘ST aunr uo 1sanb Aq Blo sjeuinohadse Aaiwreyd wouy papeojumoq


http://pharmrev.aspetjournals.org/

PHARMACOLOGICAL REVIEWS v

aspet..

ADENOSINE Ay, RECEPTORS

concentrations of inhaled adenosine fail to produce bron-
choconstriction in the majority of normal subjects.
Atopic subjects appear to be more responsive to inhaled
AMP than they are to methacholine (Phillips et al.,
1990), suggesting that adenosine may be a better dis-
criminator of the disease. This preferential bronchocon-
strictor effect in asthmatics is also observed with intra-
venous administration of adenosine (Drake et al., 1994)
and in isolated human bronchi (Bjorck et al., 1992).
Dipyridamole, a drug that blocks adenosine uptake and
increases its extracellular concentrations, can also pro-
duce severe bronchospasm in asthmatic patients (Eagle
and Boucher, 1989). Moreover, theophylline provides a
better protection against adenosine-induced broncho-
constriction than against histamine-induced broncho-
constriction (Mann and Holgate, 1985).

The mechanism by which adenosine produces bron-
choconstriction has been the focus of recent interest. In
particular, it would be important to define the receptor
type involved. Adenosine produces a direct constrictor
action on isolated guinea pig trachea with an agonist
profile consistent with A; receptors (Ghai et al., 1987),
and this process is not blocked by enprofylline (Farmer
et al., 1988). In this same preparation, however, A,
receptors were found to produce relaxation, but the re-
ceptor subtype was not identified. Based on rank order
of potencies for agonists, it was found that A; receptors
also mediate bronchoconstriction in an allergic rabbit
model in vivo (Ali et al., 1994a,b), and treatment with
antisense oligodeoxynucleotide targeting the adenosine
A, receptor desensitized the allergic rabbits to subse-
quent challenge with either adenosine or allergen (Nyce
and Metzger, 1997). Adenosine also constricts human
bronchi isolated from asthmatics in vitro but not bronchi
isolated from nonasthmatics (Bjorck et al., 1992). The
contractile effect of adenosine was inhibited with 2-thio-
[(1,3-dipropyl)-8-cyclopentyl]-xanthine, and this was
taken as evidence of an A,-mediated effect.

The bronchoconstriction produced by inhaled adeno-
sine in humans appears to be mediated through mast
cell activation, because it can be blocked by specific
antihistamines (Phillips et al., 1987; Rafferty et al.,
1987) and prevented by cromoglycate and nedocromil
sodium, drugs that inhibit mast cell degranulation (Phil-
lips et al.,, 1989). Furthermore, a significant rise in
plasma levels of histamine is detected after AMP chal-
lenge (Phillips et al., 1990). More recently, inhaled aden-
osine has been shown to increase levels of histamine,
PGD,, and tryptase in bronchoalveolar lavage fluid from
asthmatics but not from nonasthmatics (Polosa et al.,
1995). Tryptase is a highly specific marker for mast cells
(Schwartz, 1990) and provides strong evidence that
these cells are activated by adenosine in vivo.

In summary, exogenous adenosine provokes asthma,
potentiation of endogenous adenosine with dipyridamole
also produces bronchoconstriction, and blockade of en-
dogenous adenosine with theophylline is helpful in pre-
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venting asthma. The bronchoconstriction induced by in-
haled adenosine is unique to asthmatics and not
observed in nonasthmatics. Current evidence suggests
that this phenomenon involves mast cell activation. It is
important, therefore, to elucidate the adenosine receptor
subtype that mediates this phenomenon.

G. Adenosine Receptors and Mast Cells

Marquardt et al. (1978) were the first to report that
adenosine, although ineffective alone, potentiated hista-
mine release induced by anti-immunoglobulin E (IgE),
concanavalin A, compound 48/80, or the calcium iono-
phore A23187 in isolated rat mast cells. The mecha-
nisms that mediate potentiation of these cells remain
unclear. Stimulation of adenyl cyclase by adenosine was
blocked by methylxanthines, but potentiation of hista-
mine release was not, suggesting that these effects were
mediated by different adenosine receptors (Church et
al., 1986).

Because potentiation of rat peritoneal mast cells is
insensitive to methylxanthines, the possibility was
raised that this effect is mediated by A; receptors, be-
cause the rat A; receptor has remarkably low affinity for
methylxanthines (Zhou et al., 1992). This possibility was
examined in the rat basophilic leukemia cell line RBL
2H3, which has been used as a model for rat mast cells.
Adenosine analogs stimulated phospholipase C, in-
creased cytoplasmic calcium, and potentiated mediator
release in these cells with a pharmacological profile con-
sistent with A; receptors (Ramkumar et al., 1993). Ex-
pression of A; receptors in RBL 2H3 cells was confirmed
by radioligand binding and detection of mRNA (Ramku-
mar et al., 1993). The effects mediated by A5 receptors in
RBL 2H3 were blocked by pertussis toxin, suggesting a
role of G;-derived B+ subunits in the activation of B-phos-
pholipase C. Coupling of Aj receptors to G,y and G
proteins was recently reported (Palmer and Stiles,
1995). Of interest, Ay, and Ay, but not A; receptors,
have also been found in RBL 2H3 cells (Marquardt et al.,
1994; Ramkumar et al., 1995); however, their function
has not been elucidated. It should also be noted that A;
receptors, to our knowledge, have not been found in
other mast cell types (Marquardt et al., 1994).

It is important to consider that mast cells from differ-
ent species, and even from different anatomical sites
within the same species, can vary substantially in their
morphological and biochemical characteristics and their
response to pharmacological agents. There is increasing
evidence that A, receptors modulate mast cell function.
Adenosine activates adenyl cyclase and protein kinase C
and potentiates mediator release in mouse bone mar-
row-derived mast cells (Marquardt and Walker, 1990). It
appears that the ability of adenosine to activate protein
kinase C and thereby to augment mast cell degranula-
tion are independent of changes in cAMP (Marquardt
and Walker, 1994). Both A,, and A,y transcripts were
detected in mouse bone marrow-derived mast cells (Mar-
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quardt et al., 1994). The failure of the A,,-specific ago-
nist CGS 21680 to enhance mediator release suggests
that A,p receptors modulate degranulation of these
mast cells (Marquardt et al., 1994).

A,p receptors have been shown to activate the human
mast cell line HMC-1 (Feoktistov and Biaggioni, 1995).
HMC-1 cells were derived from a patient with mast cell
leukemia and their neutral proteases content is similar
to that of human lung mast cells. These cells coexpress
A, and A,p receptors, and both are coupled to adenyl
cyclase through G, proteins. However, only A,y recep-
tors activate HMC-1 cells, as indicated by stimulation of
IL-8 secretion. Furthermore, this effect was not medi-
ated by cAMP, but by coupling to phospholipase C
through a cholera toxin- and pertussis toxin-insensitive
G protein, presumably of the G, family (Feoktistov and
Biaggioni, 1995). A,p receptors not only produced direct
stimulation of HMC-1 cells, but also potentiated phorbol
12-myristate 13-acetate-stimulated secretion of IL-8
(Feoktistov and Biaggioni, 1995). The expression of Agp
receptors in HMC-1 cells was recently confirmed by im-
munoblotting and fluorescent immunostaining with a
specific anti-Agp antibody (Feoktistov et al., 1996). Vir-
tually identical findings have been reported in a canine
BR mastocytoma cell line. Stimulation of A,p, but not A,
receptors, directly increased B-hexosaminidase release
and also potentiated A23187-induced degranulation of
mast cells. Also, these effects were not blocked by per-
tussis toxin (Auchampach et al., 1996).

In parenchymal human lung mast cells, obtained from
normal sections of surgical specimens, adenosine does
not directly evoke release of histamine and LTC,, but in
micromolar concentrations it potentiates mediator re-
lease from immunologically activated cells (Peachell et
al., 1991). The order of potency of adenosine analogs and
the low affinity of this process suggests that the re-
sponse of human lung mast cells to adenosine is medi-
ated by A, receptors. In support for this notion, the
presence of A, has been recently demonstrated in bron-
choalveolar lavage mast cells by double immunostaining
with specific anti-A,; and antitryptase antibodies
(Feoktistov et al., 1996).

Given that inhaled adenosine affects only asthmatics
but has no effect in nonasthmatics, there appears to be
an intrinsic difference in the way adenosine interacts
with mast cells from asthmatics. The in vitro response
produced by A, receptors in HMC-1 cells and in canine
BR mastocytoma cells appears to mimic the in vivo re-
sponses to inhaled adenosine in asthmatics, inasmuch
as adenosine provokes mast cells activation in these cell
lines as it does in asthmatics. On the other hand, the in
vitro response of mast cells from normal human lung to
adenosine resembles the effect of Ay receptors in mouse
bone marrow-derived mast cells, because in both cases
adenosine potentiates mast cells activation but does not
evoke direct activation. The molecular mechanisms be-
hind these differential A,z-mediated responses in asth-
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matic versus normal mast cells, and in HMC-1 cells
versus mouse bone marrow-derived mast cells, remain
unknown.

Despite the direct bronchoconstricting action of A,
receptors observed in allergic rabbits (Nyce and
Metzger, 1997), the bronchoconstriction induced by in-
haled adenosine in humans is better explained by an A,
receptor. Adenosine-induced bronchoconstriction ap-
pears to be mediated by mast cell activation, and A,
receptors have not been described in mast cells, whereas
A,p receptors are expressed in human mast cells. More-
over, enprofylline is an effective antiasthmatic and is a
selective A,z blocker at concentrations achieved clini-
cally. Finally, A,y receptors have been shown to poten-
tiate neurally mediated cholinergic bronchoconstriction
through an enprofylline-sensitive process (Walday and
Aas, 1991). The evidence presented so far does not pre-
clude the contribution of more than one adenosine re-
ceptor in asthma, or the possibility that nonadenosiner-
gic mechanisms contribute to the antiasthmatic effects
of enprofylline and other methylxanthines.

VIII. A,; Receptors as Therapeutic Targets

The ability of adenosine to delay atrioventricular node
conduction was the basis for its development as a ther-
apeutic agent in the treatment of supraventricular ar-
rhythmias (Belardinelli et al., 1989) and has become the
drug of choice for the termination of that arrhythmia.
Taking advantage of its profound vasodilatory effects,
intravenous adenosine is used as a stress test in the
diagnosis of myocardial ischemia (Verani et al., 1990).
Adenosine was investigated as a hypotensive agent dur-
ing anesthesia (Sollevi et al., 1984), where the reflex
sympathetic activation induced by this agent (Biaggioni,
1992) is not observed. However, adenosine has been
implicated in many other physiological and pathological
processes. The biggest problem in translating this
knowledge into therapeutic tools is perhaps the ubiquity
of adenosine receptors, which often mediate contrasting
effects. The challenge is how to develop drugs that will
selectively target a receptor mediating a specific action.
The ongoing development of selective agonists or antag-
onist represents a substantial advancement toward this
goal. Nonetheless, even if specific agents can be devel-
oped for a given receptor subtype, the problem remains
of selectively targeting the site of action. For example,
A,-selective agonists could be developed for their antili-
polytic potential. If given systemically, however, it is
possible that atrioventricular conduction delay or bra-
dycardia may be an undesirable, and perhaps limiting
effect, given that these actions are also mediated by A,
receptors. In the development of useful therapeutic
agents, therefore, care should be taken not only in the
targeting of the receptor subtype, but also the site of
action. This problem, of course, is not limited to ad-
enosinergic systems and is common to others character-
ized by the widespread nature of their receptors.
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Given that the functional role of A,y receptors is only
now being addressed, a discussion of potential therapeu-
tic opportunities arising from modulation of such recep-
tors is necessarily speculative. There are, however, some
promising areas that deserve further attention. The po-
tential role of A, receptors in asthma can be used as an
example. If confirmed, this mechanism would provide a
novel approach for the treatment of this condition.
Asthma continues to be a substantial medical problem
that affects approximately 5 to 7% of the population.
Despite advances in its treatment, the prevalence of
asthma, emergency department visits, hospitalizations,
and mortality related to the disease all appear to be on
the rise (Gergen et al., 1988; Vollmer et al., 1992; Weiss
et al., 1993). Theophylline continues to be an effective
treatment in the prevention of asthma attacks, more
than as an acute bronchodilator (Weinberger and Hen-
deles, 1996), but considerable plasma levels, in the
range of 20—-80 uM, are needed for it to be effective.
Moreover, it has many side effects, which can be attrib-
uted to its nonspecificity. Its central actions contribute
to theophylline’s side-effect profile and are of doubtful
benefit for the treatment of asthma.

If indeed blockade of Ay receptors contributes to the
antiasthmatic effects of theophylline, it would be possi-
ble to develop selective antagonists for this receptor
subtype. Lipophobic compounds would have the advan-
tage of not crossing the blood-brain barrier. Specific
targeting to the site of action can also be accomplished if
compounds that can be administered by inhalation are
developed. This proposition is not unrealistic. For exam-
ple, the xanthine antagonist DPSPX is approximately
100-fold more potent than theophylline as an Ayp recep-
tor antagonist. Because of a charge moiety in its mole-
cule, this water-soluble xanthine does not penetrate cell
membranes or cross the blood-brain barrier (Tofovic et
al., 1991). It appears that the ionic p-sulfophenyl sub-
stituent in DPSPX may confer high A,z potency. The
lack of L-alkyl substituents in the enprofylline molecule
renders it an ineffective antagonist of other adenosine
receptor subtypes. The systematic study of the struc-
ture-activity relationship for blockade of A,y receptors,
considering the above-mentioned properties, could re-
sult in more potent and specific agents. Similarly, Agg
receptor antagonists can be developed for the treatment
of diarrheal processes, if adenosine is confirmed to play
arole in this process. Targeting to the site of action could
be achieved with compounds that are poorly absorbed,
as long as they are able to reach the intestinal crypts
involved in intestinal inflammatory processes.

Development of agonists to target A,p receptors, for
example, to inhibit vascular smooth muscle growth,
would be a greater challenge. Substantial progress
would need to be made to develop an agonist potent
enough to selectively activate the low-affinity A,y recep-
tor while having negligible actions at other receptors.
The actions of endogenous adenosine could be enhanced
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with uptake inhibitors, or adenosine-regulating agents
(Mullane, 1993), but this approach would activate all
adenosine receptors, perhaps others even more than Agg
receptors. Targeting the site of action is an additional
problem that would have to be resolved for any drug that
had to be administered systemically. The observation
that A, receptors mediate vasodilation of the rabbit
corpus cavernosum (Chiang et al., 1994) raises the pos-
sibility that an agonist to this receptor type can be useful
in impotence. Direct injections of adenosine into the
corpus cavernosum of impotence patients produce a brief
erection (Kilic et al., 1994), particularly if combined with
prostaglandin E; (Chiang et al., 1994). The short dura-
tion of effect is clearly related to the short half-life of
adenosine in humans (Moser et al., 1989). If this effect is
also mediated by A,p receptors in humans, it will be
possible to develop stable and selective agonists that can
be given locally.

IX. Concluding Remarks

Until recently, relatively little attention has been paid
to A, receptors. It is instructive that contemporary
reviews about adenosine only briefly mention their ex-
istence. Conclusions about the selective nature of ago-
nists or antagonists at specific adenosine receptors have
often been made without testing these compounds on
A,p receptors. The A,p receptor was often assumed to be
simply a low-affinity variant of the A,, receptor. Ay,
and A,p receptors are frequently found in the same
tissue, and, because both were thought to act by adenyl
cyclase activation, it is easy to assume that A,y recep-
tors will be of lesser physiological significance. The lack
of selective pharmacological probes with which to study
this receptor subtype has been the main obstacle in
defining the role of A,y receptors.

Several factors can explain the increasing interest in
A, receptors. The cloning of adenosine receptors vali-
dated the belief that A,p receptors were distinct from
A, receptors. It also revealed its widespread and dis-
tinct distribution in tissues. The development of selec-
tive agonists and antagonists for other adenosine recep-
tor types has indirectly improved our knowledge of A,p
receptors, but their pharmacological characterization is
still mostly done by a method of exclusion, i.e., by the
lack of efficacy of agonists and antagonists that are
selective at other receptors. Also, other tools now are
available for the study of this receptor. The amino acid
sequence of the receptor, the nucleotide sequence encod-
ing the receptor, and genomic information are now avail-
able. This opens the door for mutational or chimeric
analysis of A, receptors to understand the molecular
determinants for its unique coupling to G proteins. It is
also possible to determine with precision the cellular
localization of Ay receptors, particularly now that an-
tibodies against this receptor have been generated.

Significant progress has been made using currently
available tools. It is now clear that, in addition to adenyl
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cyclase, Ay, receptors can also couple to other intracel-
lular pathways, including calcium channels and phos-
pholipase C. In that sense, A, receptors have as much
in common with A; and A receptors, as with A,, recep-
tors. The functional relevance of Ay receptors is being
defined, but much work is needed in this area. Given the
ubiquitous nature of adenosine receptors, it is not sur-
prising that more than one adenosine subtype is found
in the same tissue, but it is now evident that they can be
coexpressed in the same cell. In these situations, it
would seem that the functional role of higher-affinity
receptors would predominate over A,y receptors. None-
theless, A, receptors can play a role under these con-
ditions by modulating events triggered by other receptor
systems. Examples have been presented in this review of
A,p receptors restraining the actions of A; receptors, or
potentiating the effects of thrombin and T-cell receptors.
The relative importance of A, receptors may be greater
in situations characterized by substantial increases in
interstitial levels of adenosine, as occurs during is-
chemia in metabolically active tissues. On the other
hand, there are cellular systems in which the actions of
A, receptors appear to predominate. Such is the case,
for example, of human mast cells, epithelial intestinal
cells, and the regulation of vascular smooth muscle
growth, among others.

Greater advances can now be made by the simple
appreciation of the unique features of this receptor type.
In the past, investigators often have failed to realize the
potential involvement of A, receptors in their experi-
mental systems. However, the study of A,z receptors
will be considerably improved by the introduction of
specific pharmacological probes for this receptor type.
Even though adenosine analogs have, in general, a poor
affinity for A, receptors, this is not the case for antag-
onists. Therefore, development of potent and selective
A,p antagonists appears particularly promising and
likely will further our knowledge of A, receptors. Spe-
cific antagonists will be particularly useful in defining
the role of A,y receptors in physiological and pathologi-
cal situations. The appreciation of the potential role of
A, receptors in the pathogenesis of disease processes,
including asthma, vascular remodeling, and diarrhea,
raises the possibility that A, receptors may become the
target for future drug development.
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