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m Abstract Adenosine accumulation during ischemia andinflammation protects tis-
sues from injury. Inischemic tissues adenosine accumulates due to inhibition of adeno-
sine kinase, and in inflamed tissues adenosine is formed from adenine nucleotides that
are released from many cells including platelets, mast cells, nerves, and endothelium.
Nucleotides are rapidly converted to adenosine by a family of ecto-nucleotidases in-
cluding CD39 and CD73. Activation of fand possibly Aadenosine receptors (ARS)
protects heart and other tissues by preconditioning through a pathway including protein
kinase C and mitochondriald¢p channels. Activation of A, receptors limits reperfu-

sion injury by inhibiting inflammatory processes in neutrophils, platelets, macrophages
and T cells. Adenosine produces proinflammatory responses mediated by receptors that
vary among species;zfand Ayg receptors mediate degranulation of rodent and human

or canine mast cells, respectively. Novel adenosine receptor subtype—selective lig-
ands have recently been developed. These include MRS1%gbl@cker), MRS1220

(A3 blocker), MRE 3008F20 (humanaflocker), MRS1523 (rat Ablocker), and
ATL146e (A,p agonist). These new pharmacologic tools will help investigators

to sort out how adenosine protects tissues from injury and to identify new therapeutic
agents that hold promise for the treatment of inflammatory and ischemic diseases.

BACKGROUND

Adenosine is a primordial signaling molecule that has evolved to modulate phys-
iological responses in all mammalian tissues. Due to the breadth of its effects, it
is not possible to summarize all of the new developments in our understanding of
adenosine receptor physiology even within the past year. This review is confined
to recent insights in the understanding of receptor regulation and signaling and the
description of significant new pharmacological tools. | focus on new information

about how activation or inhibition of adenosine receptors may limit ischemic or
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inflammatory tissue injury, an area of particularly interesting mechanistic and
therapeutic importance.

ADENOSINE RECEPTORS: Physical and G Protein
Coupling Characteristics

Receptor-mediated effects of adenosine are mediated by four G protein—coupled
receptors designated;AA,5, Asg, and A; (Table 1). All four receptors are
N-linked glycoproteins, and all but A have sites for palmitoylation near the
carboxyl terminus (1-4). Glycosylation has no effect on the affinity of ligands
for receptors and may be involved in targeting newly formed receptors to the cell
surface. In view of emerging evidence that certain G protein—coupled receptors
may form homo- or heterodimers, it is possible that hydrophilic glycosylation
of adenosine receptors, and G protein—coupled receptors in general, may inhibit
dimerization reactions driven by hydrophobic interactions. All of the adenosine re-
ceptors can be readily deglycosylated upon incubation Mitilycosidase F. One
practical application of deglycosylation is its use to distinguish between specific
and nonspecific antibody binding to putative receptors detected by western blotting.
Figure 1illustrates the use for western blotting of two different apj{+&ceptor
antibodies. Both antibodies specifically detect overexpressed recombipant A
receptors, but only one of the antibodies is able to detect low levels of receptors
found on tissues. Furthermore, nonreceptor immunoreactivity is found in proteins
that have nearly the same molecular mass as the receptor. This illustrates two
points about the use of antireceptor antibodie¥:Oetection of overexpressed
recombinant receptors is not necessarily predictive of the ability of an antibody
to detect endogenous receptors that are expressed at a much lower levéls and (
deglycosylation is an important control to check for specificity when doing western

TABLE 1 Properties of adenosine receptor subtypes

Adenosine Genbank

receptor accession Amino G Protein  Chromosomal

subtype number acids coupling location References

Ay Human S45235 326 i,0 1g32.1 (48)
Mouse  U05671 326 (49)

Aop Human S46950 412 s,olf 22q11.2 (50)
Mouse  U05672 410 (49)

Aog Human X68487 332 s,q 17pl11.2-12 (51)
Mouse  U05673 332 (49)

Aj Human L22607 318 i,0 1p13.3 (52)

Mouse  L20331 319 (53)
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Figure1l Western blots showing specific and nonspecific binding of agji+&ceptor antibodies.
Treatment of adenosine receptors viitfylycosidase F produces a characteristic decrease in their
molecular mass.A) Specific immunoreactivity of overexpressed recombinant and strigial A
receptors with a monoclonal antibod)(Specific and nonspecific immunoreactivity of a com-
mercially available polyclonal antibody. The absence of a shift in molecular mass by glycosidase
F probably is indicative of nonspecific immunoreactivity. (Adapted from Reference 43.)

blotting. The use of poorly characterized antireceptor antisera may have resulted
in several instances of erroneous conclusions about adenosine receptor expression,
distribution, and regulation. Anti-f\ receptor antibodies have been used to detect
receptors selectively in areas where they are highly expressed, such as striatum (5),
but not convincingly in endogenous tissues in which the receptor density is lower.
The best control forimmunohistochemical experiments is tissue derived from mice

in which specific receptor genes have been deleted. These considerations indicate
that for the purpose of quantifying adenosine receptors, radioligand binding still

is generally preferable to immunohistochemistry or western blotting.

ADENOSINE METABOLISM

It has long been known that hypoxia, ischemia, or inflammation all stimulate
local adenosine production. Because the endothelium is a barrier to adenosine,
adenosine formed within the lumen of blood vessels may be derived in large part
from nucleotides released from platelets or endothelial cells. By contrast, intersti-
tial adenosine may produce vasodilation predominantly by acting@rrécep-

tors on vascular smooth muscle cells that are particularly accessible to interstitial
nucleoside. The source of this adenosine is likely ischemic parenchymal cells or



778

LINDEN

nucleotides derived from nerves or interstitial mast cells. It has recently been shown
in the heart that hypoxia-induced inhibition of adenosine kinase amplifies small
changes in free myocardial AMP into a major rise in adenosine. This mechanism
plays an important role in causing high sensitivity of the myocardium and other
tissues to impaired oxygenation (6). The concentration of endogenous adenosine
acting atthe receptor level during anischemic episode was estimated toMeiB0

rat hippocampal slices, based on the ability of the selectjveéeptor antagonist,
8-cyclopentyl-1,3-dipropylxanthine (CPX), to reverse the effects of ischemia (7).
Adenosine also can be derived from adenine nucleotides released from many cell
types by mechanisms that are not yet clearly understood (8). Substantial amounts
of adenosine may be formed from the breakdown of adenine nucleotides that are
present in the granules of autonomic nerves, platelets, and mast cells. Adenine
nucleotides are rapidly converted to adenosine by a family of ecto-ATP/ADPases
including CD39 (NTPDase 1) and ectorbicleotidasesincluding CD73 (Figure 2).

The expression of CD39 on the endothelial cell surface may be regulated because
palmitoylation targets the enzyme to caveolae (9). This in turn may regulate the
rate of ADP conversion to adenosine.

Inosine, formed by adenosine deamination, accumulates to even higher levels
(>100uM) than adenosine in ischemic tissues. Inosine has been found to activate
rat and guinea pig Areceptors with Ki values in the range of 15-2# (10).

In contrast to its effects to activate rodenf receptors, inosine is a weak partial
agonist of the human #Areceptor (J Linden, unpublished).

A, RECEPTORS

A, adenosine receptors signal through Gi/o pathways and inhibit adenylyl cyclase,
activate K- channels, or inhibit C& channels in various cells.,Aeceptors also

can stimulate C& mobilization via a pertussis toxin—-sensitive pathway through
activation of PLQ@ with G proteingy subunits (11). This signaling pathway ap-
pears to be synergistic with receptors that activate PLC via Gq, possibly including
P2Y receptors and 4 receptors. Areceptors couple preferentially to G proteins
containingy 2 or y 3 over subunits containingl (12). This preference has been
shown to be mediated by the prenylation state oftfsibunit. G proteins contain-

ing geranyl geranylategd subunits (including 2 andy 3) interact more effectively
with A, receptors then do G proteins containing farnesylatsdbunits (13). It has
recently been shown that PKC can phosphorylatettizsubunit of heterotrimeric

G proteins, resulting in increased G protein affinity forr&ceptors (14).

Much recent work has focused on Feceptor—PKC signaling cascades. The A
agonistN 8-cyclopentyladenosine (CPA), has been recently recognized as a facil-
itator of insulin-stimulated leptin release through a pathway involving protein ki-
nase C (15). Activation of Aadenosine receptors increases nucleoside efflux from
DDT1 MF-2 cells by a PKC-dependent inhibition of adenosine kinase activity (16).

A, receptors and the heterotrimeric G protein, Go, are abundant in the brain.
Recently, GRIN1, a probable regulator of neurite growth, has been identified as
an effector of Go (17). This suggests a possible newly identified function, of A
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Figure 2 Purinergic regulation of inflammation. ADP derived from activated platelets exerts a
pro-aggregatory effect on platelets through cell surface P2Y receptors, including a newly identified
P2Y12 receptor (9a), that is countered by ecto-nuclectidases that degrade ADP and produce
adenosine (ado) that activates anti-aggregatary ieceptors. Activation of An receptors also
reduces histamine and cytokine release from certain mast cells and macrophages and inhibits the
expression of adhesion molecules on endotheliugitekeptors regulate rodent mast cells and

A,p receptors regulate human and canine mast cells. Inosine activates rodent, but not hyiman, A
receptors. Ag receptors are dually coupled to adenylyl cyclase via Gs and b @a Gq.

receptors to regulate neurite growth in the central nervous system through a
Go/GRIN1 pathway.

Palmitoylation of A receptors has no effect on receptor-effector coupling,
receptor downregulation, or receptor interactions with G proteins. Howeyer, A
palmitoylation may divert new synthesized receptors from a pathway leading to
rapid receptor degradation (1).

A,, RECEPTORS

A, receptors are most highly expressed in intermediate spiney neurons of the
striatum. A, receptors are known to activate Gs, but receptors in striatum may in-
teract predominantly with g (first identified in the olfactory epithelium) because
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Gy Is much more highly expressed in the striatum than Gs (18). Functionally,
activation of A, receptors opposes the action of D2 dopamine receptors in spiney
neurons, and antagonists of Areceptors are being investigated for possible use
in Parkinson’s disease (19)

Activation of Ay, receptors causes vasodilatation of coronary arteries and, to a
variable extent, other blood vessels Aeceptors also are found on bone marrow—
derived cells including neutrophils, monocytes, macrophages, platelets, and mast
cells. Activation of A, receptors produces a constellation of responses that in
general can be classified as anti-inflammatory (20, 21).

A,z RECEPTORS

A, receptors have long been known to couple to Gs. Recent studies indicate
that A,g receptors also couple to Gg and producé'Gaobilization and mitogen-
activated protein kinase (MAPK) activation (3, 4).Zanobilization is not limited

to cells that overexpress,f receptors because the endogenoyg veceptors

of HEK-293 cells produce a robust,gmediated C& mobilization (22). In
HEK-293 cells the agonish-ethylcarboxamido-adenosine (NECA) is equipotent
in elevating cyclic AMP and stimulating MAPK activation. The protein kinase
A inhibitor, H89, blocks forskolin but not NECA-stimulated MAPK activation

in HEK cells, suggesting that the Gqg pathway contributes to MAPK activation
through a pathway including MEK and Ras (22),gAeceptors on vascular en-
dothelial cells may contribute to an NO-dependent component of vasodilation
mediated by C&-dependent NO synthase activation (Figure 2).

A, RECEPTORS

Aj receptors appear to signal through Gi in much the same way; ascaptors.
Unlike A, receptors, depalmitoylation of /Aeceptors renders them susceptible
to phosphorylation by G protein—coupled receptor kinases (GIRKS) (23). This in
turn leads to rapid phosphorylation and desensitizationsafe8eptors that does
not occur in the case of Aeceptors (2, 24).

ADENOSINE AND TISSUE PROTECTION

Adenosine protects tissues from hypoxic or ischemic damage through multiple
receptor subtypes. The activation of &nd possibly A (25) receptors produces
preconditioning to protect the heart and other tissues from subsequent ischemic
injury. Adenosine has been postulated to trigger preconditioning by increasing
mitochondrial K-ATP channel activity through a pathway including PKC (26). A
late phase of preconditioning in response tpréceptor activation in the rabbit
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heart appears to be mediated in part by the induction of manganese superoxide
dismutase (27). In contrast to preconditioning, agonists.gfrAceptors can pro-

tect tissues from ischemia/reperfusion damage when added during the reperfusion
period. The agonist CGS21680, which is highly selective fgyéver A, and Apg
receptors, was found to attenuate reperfusioninjury in the dog heart (28). This effect
is correlated with an inhibition of neutrophil accumulation, superoxide generation,
and coronary endothelial adherence, suggesting that reduced inflammation may
be responsible for protecting the heart during reperfusion injury. A new agonist,
ATL146e, whichis=50 times more potent athumap Aeceptors than CGS21680,

has recently been found to produce profound protection of the rabbit lung (29) and
rat kidney (30) from reperfusion injury at concentrations that are well below the
threshold to produce hemodynamic responses. Protection from reperfusion in-
jury is accompanied not only by reduced neutrophil accumulation in ischemic
renal microvessels, but also by reduced expression of the adhesion molecules,
P-selectin, and ICAM-1 on the reperfused vascular endothelium (31 adonists

also protect isolated crystalloid-perfused rabbit heart from ischemia/reperfusion
injury. The effect is manifest as a significant reduction in contracture development
during reperfusion. These data imply a role fop,Aeceptors on cardiomyocytes

or tissue-resident inflammatory cells in, Areceptor-mediated cardioprotection
(32).

Activation of A, ARs on human monocytes inhibits, by a cyclic AMP-
dependent mechanism, the secretion of IL-12, a proinflammatory cytokine and
a major inducer of Thl responses (33). Through this mechanism, adenosine re-
leased in excess during inflammatory and ischemic conditions, or tissue injury,
may contribute to selective suppression of Thl responses and cellular immunity.

It is thought that activation of T lymphocytes is required for neutrophil re-
cruitment during ischemia reperfusion injury in the liver. The subacute phase of
ischemia/reperfusion injury in the liver is absent in athymic nude mice but can
be restored by adoptive transfer of CD#-cells (34). Inhibition of T-cell activa-
tion may contribute to the protection of tissues from ischemia/reperfusion injury
because inhibitory 4, receptors are found on CDA cells (35).

ADENOSINE RECEPTORS ON MAST CELLS

Aerosolized adenosine has the effect of causing mast-cell-dependent bronchocon-
striction in asthmatic subjects but bronchodilation in nonasthmatics (36, 37). More-
over, the nonselective adenosine receptor antagonist, theophylline, is widely used
as an antiasthmatic drug, although its mechanism of action is uncertain. A related
xanthine, enprofylline, is also therapeutically efficacious in the treatment of asthma
and was thought to act through a non—adenosine receptor—-mediated mechanism
owing to its low affinity at A and Ay, receptors (37). The fAadenosine receptor

was initially implicated as the receptor subtype that facilitates the degranulation of
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rat RBL 2H3 mast-like cells (38) and perivascular mast cells of the hamster cheek
pouch (10). There is also evidence of mast cell degranulation when agonists of A
ARs are administered to rats or mice (39, 40). In contrast, theAR has been
implicated as the receptor subtype that facilitates the release of allergic mediators
from canine BR and human HMC-1 mastocytoma cells (41, 42). A role fgr A
ARs in human asthma is also suggested by the efficacy of enprofylline, which at
therapeutic concentrations of 20—p® only blocks the Ag AR subtype (4). In

sum, the literature indicates that the release of allergic mediators in some mast
cells is mediated by AARs and in other cells is mediated byAARS. This

may result from species differences, with rodent (rat, guinea pig, and mouse) and

canine or human mast cells responding primarily t®AA,g adenosine receptor
stimulation, respectively.

ADENOSINE RECEPTOR PHARMACOLOGY

Potent and selective agonists and antagonists of adenosine receptor subtypes de-
veloped recently (Figure 3) have been valuable for further defining the physiolog-
ical effects of the various adenosine receptor subtypes. However, it is not always
appreciated that the selectivity of these compounds is limited. For example, at
concentrations aboveiM, CGS21680 is not a selective,Aagonist, IB-MECA

is not a selective Aagonist, and CPX is not a selectivg Antagonist (Table 2).

TABLE 2 Antagonist binding to human adenosine receptor subtypes, (Ki, nM)

Aq Aop Aop Aj References

A, selective

CPX 2 156 40 509 (53)

WRCO0571 3 157 19,000 6,500 (53)
A, selective

ZM241385 536 1.4 31 269 4

SCH58261 287 0.6 5,011 >10,000 (54)
Aop-selective

MRS1754 403 503 1.97 570 (46)

Enprofylliné® 44,000 32,000 6,300 158,000 4
As selective

MRS1220 305 52 — 0.65 (55)

MRS1523 (rat) 15,600 2,050 — 590113)  (29)

MRE300F20 1,100 140 2,100 0.29 (56)

4t is notable that plasma concentration of enprofylline achieved in the treatment of asthma ig20-50
sufficient to block human 4 receptors but not other adenosine receptor subtypes.

PA K, of 5194 86 nM (N= 6) of MRS1523 for the rat Areceptors determined in the author’s laboratory
is somewhat higher than thg Keported previously.
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Figure 3 Selective agonists and antagonists of adenosine receptor subtypes.

The use of agonists to determine the receptor subtype that mediates a particular
response is particularly problematic because agonists bind with two different affin-
ity states of G protein—coupled adenosine receptors, resulting in wide differences
in reported binding affinities, depending on the source of receptors (recombinant
receptors tend to be uncoupled from G proteins) and the use of agonist or an-
tagonist radioligands (antagonists detect more uncoupled receptors). Moreover,
the ED, of agonists in functional responses is highly variable, depending on the
extent of receptor reserve (43). The judicious use of new selective antagonists is
simplifying the process of identifying which adenosine receptor subtypes mediate
various physiological responses. It is important to note, however, that there are
substantial species differences in the affinity of these compounds. For example,
the widely used Aselective antagonist, CPX binds witi0 times lower affinity
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to canine than to human or rat feceptors (44) and is fairly potent as an antagonist

of human A, receptors (Table 2). Compounds that block humgaARs generally

are weak antagonists of rodeng #eceptors, including the new selective antagonist

of human A receptors, MRE 3008-F20 (45). MRS1523 is the only compound re-
ported to be moderately selective as an antagonist of the;n@c&ptor (Table 2).
Recently, the first potent and selective antagonists gf @denosine receptors
have been described. These compounds, exemplified by MRS1754 are anilide
derivatives of 8-phenylxanthines (46). It has recently been suggested that selective
inhibitors of Ayg receptors may be useful for the treatment of asthma and other
allergic diseases (4, 42, 46).

SUMMARY AND FUTURE DIRECTIONS

Because adenosine is a metabolic breakdown product of ATP, adenosine recep-
tors may have evolved in part to protect tissues from various injurious stimuli.
As summarized in this review, activation of And A; receptors ellicit protective
responses in various tissues by several processes collectively referred to as precon-
ditioning. Activation of Ay, receptors produces a constellation of effects on vari-
ous inflammatory cells types that can attenuate injury due to ischemia/reperfusion
or inflammation. The roles played by,Aand A; receptors in inflammation are

at the present time somewhat confusing and controversial and apparently vary
among species. Recent developments using pure reconstituted components have
begun to refine our understanding of specific G protein subunits that participate in
various adenosine receptor signaling cascades. Advances in medicinal chemistry
have led to the generation of new potent and selective receptor-subtype-selective
agonists and antagonists, particularly for thg And A; subtypes. These and addi-
tional selective agonists and antagonists that are currently under development will
provide investigators in the adenosine field with important new tools to understand
the receptors and cell-types that contribute to the various effects of adenosine. Itis
also becoming increasingly apparent that highly selective agonists or antaognists
of adenosine receptor subtypes have great potential as therapeutic agents for the
treatment of various inflammatory or ischemic diseases.

Visit the Annual Reviews home page at www.AnnualReviews.org
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