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PURINE RECEPTORS IN 
MAMMALIAN TISSUES: 
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FUNCTIONAL SIGNIFICANCE 
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GEIGY Corporation, Summit, New Jersey 07901 

ADENOSINE AND ADENINE NUCLEOTIDES IN CELL 
FUNCTION 

Purine nucleosides and nucleotides are major factors in cell function. They are 
intermediates in energy pathways, in cellular metabolic processes and are 
constituents of the cofactors necessary for enzymatic reactions (1) and cell 
replication (2). It has therefore been difficult to visualize that such chemicals 
also act in cellular communication. 

The criteria used for evaluating whether a given compound is a 
neurotransmitter have been developed by historical precedent (3). They are 
based on knowledge of the prototypic neurotransmitter, acetylcholine (4). 
Adenosine has been identified as a neuromodulator using such classical 
criteria. This evaluation has lessened the enthusiasm for purine-related pro­
cesses as targets for therapeutic agents for malfunctions of mammalian 
homeostatis. There is no evidence that specific anabolic processes form 
adenosine, distinct from those involved in its general metabolic functions. 
Also, the physiological factors regulating the extracellular availability of the 
nucleoside and its distribution make the development of a "purinergic" hy­
pothesis of neuromodulation difficult (5). These issues are compounded by 
the paucity of dissimilar chemical entities that interact with adenosine recep­
tors. Agonists are almost exclusively purine nucleosides (6), whereas with 
few exceptions, most antagonists are imidazopyrimidines (7-10). Studies of 
adenosine receptor-mediated events are thus limited, comparable to in-
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316 WILLIAMS 

vestigations on adrenoceptors in which neither phentolamine, phenoxybenza­
mine, nor propranolol would be available as a selective receptor probe. 

These caveats can also be applied to many of the recently discovered 
peptides thought to function as neuromodulators (11, 12). Potential physi­
ological or pharmacological functions of the neuropeptides may result from 
optimistic conjecturing and may reflect, in part, a high technology bias, 
whereas the more negative view, in the case of adenosine, may reflect a "devil 
already known" component. The purine has marked effects on cardiovascular 
function, as was shown nearly 60 years ago (13). This fact, coupled with the 
limited usefulness of agonists as selective therapeutic agents, may lead to the 
conclusion that this neuromodulator has been judged and rejected. This 
review attempts to show that the therapeutic potential of adenosine-related 
compounds has yet to be objectively evaluated. 

HISTORICAL PERSPECTIVE 
Purine nucleosides and nUcleotides are intercellular messengers. They func­
tion as chemoattractants in a variety of organisms and mammalian tissues 
(14). In 1929 Drury & Szent-Gyorgi (13) demonstrated the effects of purines 
in mammalian species. They discovered that adenosine caused bradycardia, 
coronary vasodilation, and blood pressure decreases. The short half-life of the 
nucleoside (16) confounded attempts to use adenosine as an antihypertensive 
agent (15). For the next three decades, basic research on "purinergic 
neurotransmission" concentrated on the physiological rather than the pharma­
cological. The purine has general vasodilatory actions (17, 18). In fact, it is a 
vasodilator in all vascular beds thus far studied, with the exception of the 
kidney (19) where it is a potent vasoconstrictor. Central administration of 
either adenosine or its nucleotide, ATP, can produce sedative and hypnotic 
effects (20 , 21). The discovery of the second messenger cyclic AMP and the 
seminal biochemical studies of Sattin & RaIl (22) gave further importance to 
adenosine as a neuromodulator. Adenosine is a potent activator of adenyl ate 
cyclase activity (6). However, the xanthines, theophylline, and caffeine 
(Figure 2), rather than potentiating the actions of adenosine, as their activity 
as phosphodiesterase (POE) inhibitors would indicate, inhibited cyclic AMP 
formation (22). At this time Sattin & RaIl (22) observed that the xanthines 
were acting as adenosine antagonists. Shortly after this observation, discrete 
cell-surface recognition sites, or receptors, were reported for the purine 
(23-25). 

Modification of the xanthines also led to compounds such as 8-
phenyltheophylline (8-PT; Figure 2) that were selective adenosine antagonists 
rather than PDE inhibitors (6, 9, 26). In 1980 the first of several radio-ligand­
binding assays was reported (27), which increased interest (3,6,8, 28-30) in 
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PURINE RECEPTORS 317 

the pharmacological role of adenosine. Concomitantly, the search for the 
chemical mediator of the phenomenon described by Bumstock and his 
coworkers (31, 32) as "non-adrenergic, non-cholinergic" neurotransmission 
led to the identification of ATP as a likely candidate. It was considered 
unlikely that a chemical even more essential to cellular function in terms of its 
energy-charge characteristics than adenosine (33) would serve a role as an 
intercellular mediator and would participate in, to some extent, a process 
wasteful of intracellular energy charge. However, continued efforts have led 
to the identification of two separate receptors sensitive to the nucleotide (32). 

ADENOSINE RECEPTORS 

Adenosine-mediated increases in cyclic AMP formation (22) were ascribed 
to the existence of a single receptor class susceptible to blockade by the 
xanthines. In the initial nomenclature for purinoceptors (31), those receptors 
sensitive to adenosine were termed PI and those sensitive to ATP were termed 
P2 (Table 1). Additional studies indicated that the PI receptors could be 
further subdivided using appropriate concentrations of adenosine to modulate 
adenyl ate cyclase activity. Because an intact ribose group must be present on 
the purine molecule (Figure 1) to produce agonist activity, Londos & W oUf 
(23) termed these receptors Rj and Ra (Table 1), the subscripts of which refer 
to the inhibition (i) and activation (a) of adenylate cyclase activity. In­
dependently, Van Calker et al (25) termed these same two adenosine receptors 
At and A2. A third adenosine recognition site, termed the P site, was also 
described (34; Table 1). The P site is located on the catalytic subunit of 
adenylate cyclase. It shows a preference for purines that have intact purine 
rings (hence the P designation) such as 2' ,5' -dideoxyadenosine (DDA; Figure 
1) and is activated by relatively high concentrations of adenosine (6). Howev­
er, the physiological significance of the P site is unknown. At and A2 
receptors are linked to the catalytic subunit of adenyl ate cyclase by coupling 
proteins N; and N" respectively (24). 

Changes in cyclic AMP formation cannot always be related to events 
modulated by adenosine (5, 35, 36). The nucleoside probably influences 
cellular function by its actions on other second messenger systems such as 
calcium (37). Adenosine can also indirectly modulate phosphatidyl inositol 
turnover (38). Because of these findings, AI and A2 receptors are currently 
classified based on their agonist pharmacology (39) rather than on their effects 
on cyclic AMP formation. Receptors of the AI subtype arc preferentially 
activated by adenosine agonists (Figure 1) with substitutions in the N6 posi­
tion, such as cyclopentyladenosine (CPA; 40, 41), cyclohexyladenosine 
(CHA; 6), and phenylisopropyladenosine (PIA; 6). Analogs substituted in the 
5' -position, most notably 5' N-ethylcarboxamido adenosine (NECA; 6, 40), 
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318 WILLIAMS 

Table I Purinergic receptor classification criteria" 

Receptor -class Subclasses 

P2 

P 

Agonist pharmacology 

CPA:?: CHA > R-PIA :?: 

2-CADO :?: NECA > S­
PIA> CY-ISOS 

NECA > MECA = 2-
CADO > CYI808 = R­
PIA> CPA:?: S-PIA 

ATP > ADP > AMP :?: 
Ado 

a-/3-MeA TP = /3-a­
MeATP > ATP = 2 
McSATP 

2 MeSATP » ATP > a­
/3-MeA TP = /3-a­
MeATP 

2'5' DDA » Ado 

aFor abbreviations see Figure I and text. 

Receptor subtypes may exist 

A2a = high atfinity sub­
class 

A2b = lower affinity sub­
class 

do show activity at A2 receptors. NECA is not, however, A2 selective (40). 
Rather, it is nonselective for either receptor subtype and may be considered to 
have A2 activity solely because the AI-selective compounds are inactive at A2 
receptors. A given biochemical or pharmacological event cannot be ascribed 
to A2 activity merely because it is evoked by NECA. However, if both CHA 
and NECA are used and an additional response occurs with NECA, the event 
can probably be ascribed to Az-receptor activation. Similarly, 2-
chloroadenosine (2-CADO) is a relatively nonselective agonist (40), whereas 
2-phenylaminoadenosine (CY 1808; Figure 1), the methyl analog of NECA, 
MECA, and aristeromycin (Figure I), show A2 selectivity with varying 
activity (40; M. Pankaskie, O. A. Stone & M. Williams, submitted for 
publication). 

Both receptor subtypes can be blocked by the xanthine adenosine an­
tagonists (6). 1 ,3-Dipropyl-8-(2-amino-4-chloro)phenylxanthine (PACPX; 7, 
43; Figure 2) and the xanthine-peptide congener, XAC (10; Figure 2) are Al 
selective (9), whereas the triazoloquinazoline, COS 15943A (Figure 3), is A2 
selective (44). 

Both subclasses of adenosine receptor show stereoselectivity for the R- and 
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Figure I Adenosine agonists, 

PURINE RECEPTORS 319 

HO OH 

o (ytN 
C,H,NH-{ _o�;-l) 

U NECA 

<:6 HO,� N 

HN-O 
(D HO�O" N 

U CPA 

NH, 

o (0N 
CH,NH-{ _o�;-l) 

U MECA 

\-J Arisleromycin HO eH 
S-diastereomers of the amphetamine-derived adenosine analog, PIA (6), At 
the A 1 receptor, the R isomer has been reported to be up to 45-times more 
active than the S isomer. At the A2 receptor the ratio of S-PIA to R-PIA is 10 
or less, This ratio has been used as a criterion for the involvement of either 
receptor subclass (6, 28), but its magnitude appears to be dependent on the 
species used (45), Subclasses of both Al and A2 receptors have been de­
scribed, which are divided on the basis of a lack of interaction with adenylate 
cyclase (46, 47) or of agonist affinity (40, 47, 48), The designation A3 has 
been used for an adenosine receptor present in cardiac tissue and nerve 
endings that is not cyclase linked (49), 

Adenosine Receptor Ligands 

CHA (27), CPA (41), and R-PIA (50) are routinely used to label Al receptors 
in CNS tissue, where dissociation constants (Kd) of 0, 5-4, 0 nM have been 
derived, Corresponding receptor densities (apparent Bmax values) of 0,2-1. 5 
pmoles/mg protein have been observed (30; Table 2), High-affinity binding 
sites can only be demonstrated, however, when endogenous adenosine is 
removed using adenosine deaminase (ADA), These radioligands are less 
useful in peripheral tissucs because of their relatively low specific activity 
(20--50 Ci/mmole) and because there are few such receptors in these tissues 
(8; Table 2), This problem has been circumvented by the use of iodinated 
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320 WILLIAMS 

� NH, C'H'�NJ-KJ-el 
o I e"H, PACPX 

CH" N�XJ O�NJ-NH 
I eH, CPT 

o eH" �N 
O�)LN? �H' Theophylline 

" C,H" :XN 
i I }--O-OCH,CONHICH,l,NH, AN NH 

o I . e,K, XAC 

c,H"N�XJ O�NJ-NH 
I 
c,H, PO 116.948 

Figure 2 Xanthine adenosine antagonists. 

forms of PIA (51), which have specific activities of up to 2200 Cilmrnole. 
2-CADO has been used to label the AI (29) receptor; however, itO 

is an 
unreliable ligand. 

[3H]NECA can be used to label A2 receptors in striatal tissue from brain, 
after blocking binding to AI receptors using the alkylating agent N­
ethylmaleimide (NEM; 52), NEM can uncouple the Ni protein from the 
receptor and dramatically reduce the affinity of the receptor for the ligand (53, 
54) when cyclic AMP is the second messenger for the receptor. This approach 
lacks specificity, as NEM can also affect Arreceptor affinity (40). An 
alternative method is to block the AI component of striatal NECA binding by 
adding low concentrations (50 nM) of the Arselective agonist, CPA (40). 
When this last method is used, NECA can bind selectively to A2 receptors 
(40). Two of these sites have been identified. The first is a high-affinity site 
termed A2a (40). It has a Kd value of approximately 4 nM (40, 45) and an 
apparent Bmax value of 0.4-0.9 pmole/mg protein, depending on the species 
(45). A2b (40) is a lower affinity site with Kd values of 13-245 nM and Bmax 
values of 0.8-3.2 pmoles/mg protein, again dependent on the species (45). 
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o 
N-\O 

CI�
N
/ 

UNH�NH 

S-Caffeine 

J-.5). NH,COCH,CHS N 6� 

I OJB-KK 
"" 

Figure 3 Atypical adenosine antagonists. 

CGS 15943 

Propentofylline (HWA 285) 

Etazolate 

NECA may also label sites that are not adenosine receptors (40, 55). In the 
PC12 pheochromocytoma cell line, which is devoid of Al receptors, NECA 
binds only to A2 receptors (56). 

Use of antagonist radioligands for adenosine receptors has met with limited 
success. 1,3-Diethyl-8-phenylxanthine (DPX; Figure 2; 27), initially thought 
to label both AI and A2 receptors (27), has unpredictable binding behavior. 
XAC and the related xanthine congeners XCC, PD 115,199, and PD 116,948 
(Figure 2) have demonstrated useful binding characteristics (l0, 57-59). 
Because of their high specific activity (100-150 Ci/mmole), these antagonists 
may aid assessing adenosine receptor pharmacology in peripheral tissues. 

ATP RECEPTORS 

Studies in peripheral tissues (51) provide the majority of evidence for the 
existence of ATP receptor-mediated processes. However, ATP-elicited re­
sponses not blocked by xanthines have been reported in the eNS (60). In 
many instances, the effects of A TP on cell function have been ascribed either 
to formation of adenosine from the nucleotide or to the possible chelation of 
calcium by the triphosphate side chain (47). The use of nonmetabolizable 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

7.
27

:3
15

-3
45

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



322 WILLIAMS 

Table 2 Characteristics of adenosine receptor binding in various mammalian tissue' 

Bmax 
Tissue Ligand KD (nM) (fmole/mg protein) Receptor Reference 

Rat brain [3H]CPA 0.5 416 AI 41 
Rat striatum ['H]NECA 3.5 1420 A2a 40 

+ CPA 35.0 3600 A2b 40 
Rat brain [1251]HPIA 1 .94 870 AI 51  
Guinea pig brain [3H]CHA 2.4 1230 AI 237 
Guinea pig ileum ['H]CHA 1.7 140 AI 237 
Rat mast cells ['H]Ado 28 1 6,400b A2 237 
Guinea pig eH]NECA 4.3 1 27 AI 238 

atrium 
Guinea pig [3H]NECA 3 . 2 50 AI 238 

ventricle 
Rat kidney mem- [3H]2-CADO 1 4900 2300 A2 206 

branes 
Bovine myocar- [1251]HPIA I.I 3 1 AI 5 1  

dium 
Human neut- CH]NECA 230 9310 A2 2 1 8  

rophils 

'Abbreviations: CPA, Cyclopentyladenosine; NECA, 5'N-ethylcarboxamidoadenosine; CHA, Cyclohcxyladcnosim 
Ado, adenosine; and HPIA, Hydroxyphenylisopropyladenosine. 

bUnits in sites per cell. 

analogs of ATP, including the a-f3- and f3-y-methylene isosteres, provided 
definitive evidence of unique ATP recognition sites . These sites have recently 
(32) been subdivided into P2x and P2y subtypes on the basis of the actions of 
a-f3-methylene ATP and 2-methylthio-ATP, respectively. Reliable an­
tagonists for the P2 receptor have proved difficult to identify. 3-0-3(N-(4-
Azido-2-nitrophenyl)amino ]proprionyl-ATP(ANAPP3) has been a useful 
tool; it is a photolabile, irreversible blocker of Pz receptors (61), 

The stable ATP analog, eH]AppNHp, bound irreversibly to rat brain 
membranes with affinities of 10-9 M (62). (3H]ATP has also been used to 
label ATP recognition sites in rabbit bladder membranes (63) that were 
distinct from ATPase sites. ANAPP3 covalently labeled two recognition sites 
in guinea pig vas deferens smooth muscle (64). Because of the incubation 
conditions used to determine the covalent nature of fH]-ANAPP3'binding, 
kinetic parameters could not be established. ANAPP3 may be metabolized to 
adenosine (65). 

ADENOSINE A V AILABILITY 

The physiological factors controlling the availability of adenosine in mamma­
lian tissues remain unclear. As with other mediators of cellular communica­
tion, adenosine can be removed from the extracellular environment by uptake 
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PURINE RECEPTORS 323 

and degradation (deamination). The processes defining these events are well 
characterized (1, 66). The factors regulating the release of adenosine are, 
however, less clearly defined. In the heart, adenosine can be formed and 
released from hypoxic or ischemic myocardium (67, 68). The sources of 
cardiac adenosine are breakdown of either 5 I -AMP or S-adenosyl­
homocysteine (SAH; 69-71). The possible contribution of a novel phospho­
glycerol adenosine tetraphosphate (7Ia) has yet to be evaluated. 

In the CNS and nonmammalian models of the synapse (such as Torpedo; 
72), electrical stimulation and K+ depolarization can cause purine release 
(73-75). Adenosine release has been described as a "neuron�1 nonexocytotic 
release" process involving carrier mediation (75, 76). The form of adenosine 
released also contributes to the confusion surrounding its availability. Cyclic 
AMP, 5' -AMP, and A TP have all been identified as potential sources for 
extracellular adenosine (77-80). Antisera to a levulinic acid derivative of 
adenosine have enabled the tentative mapping of adenosine-containing 
neurones in rat brain (81). Thc distribution of immunoreactivity is comparable 
to that seen for AI receptors (82). In hippocampus, 5'-nucleotidase is co­
localized with AI receptors (82), which may be a finding of potential func­
tional relevance. Broken cell preparations from brain tissue have an apparent­
ly unlimited capacity to produce adenosine (29, 46, 83); thus, tissues must be 
pretreated with ADA to detect high-affinity binding sites. Removal of this 
enzyme reduces specific binding (83), indicating that the purine is being 
continuously produced. The source of this adenosine, and its relationship to 
the physiological availability of the nucleoside, has not yet been determined. 
Overall, therefore, other than those in distress states such as hypoxia or 
ischemia (5, 84), the factors regulating the physiological availability of 
adenosine are poorly understood. 

Another facet of this issue is the "purinergic inhibitory tone." Because 
xanthine adenosine antagonists can increase neurotransmitter release (85), 
cell firing (86), and behavioral activity (87), it is generally agreed that 
adenosine is normally present extracellularly (5) and that it may fulfill a 
homeostatic role in target tissues. In the heart, for instance, the release of 
adenosine during hypoxia prevents an excessive mechanical load on cardiac 
tissue while at the same time it dilates the coronary vasculature to increase 
oxygen supply to the tissue (88). Similarly, during epileptic fits, adenosine 
can be released in brain tissue (89) and may act as an endogenous anti­
convulsant. Although speculative, the relationship between hypothalamic 
ADA-containing neurons. and jaw movement is suggested to be related to 
aggressive attack behavior and, consequently, to survival (90). In all these 
situations, adenosine acts as a protective agent, or, as termed by Newby (84), 
a "retaliatory metabolite." An endogenous adenosine tone has also been 
reported at the neuromuscular junction (91). 

Uptake or deamination terminates the actions of adenosine as a neuromodu-
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324 WILLIAMS 

lator (1, 66). High-affinity uptake mechanisms have been characterized (92). 
In rat brain a rapid-uptake system with a Km value of 0.9 JLM and a slower 
system with two components with Km values of 1 and 5 JLM have been 
described. Adenosine transport can be blocked in both directions such that 
many uptake inhibitors can prevent the purine from leaving the cell (92). 
Transport inhibitors such as dipyridamole (93) and, to a lesser extent, CV 
1808 (Figure 1; 94) are effective vasodilators. Adenosine transport site can be 
labeled using either nitrobenzylthioinosine (NBI; 95), a ligand that is a 
selective adenosine uptake inhibitor, or dipyridamole (96). [3H]NBI binds 
with high affinity (Kd = 50 pM) to mammalian brain tissue. Somewhat 
unexpectedly, eH]NBI does not require the removal of endogenous adeno­
sine to facilitate its characterization. This difference may be due to the fact 
that NBI does not bind to the active site of the transporter mechanism but 
rather to a component protein. Also, dipyridamole is a relatively weak 
inhibitor of NBI binding (95), and higher concentrations of NBI than those 
used in binding are required for adenosine to depress cell firing (97). Inhibi­
tion of the catabolic enzyme, ADA, induces sleep (98, 99). Im­
munocytochemical studies of this enzyme (100) located a discrete plexus of 
ADA-containing neurons in the basal hypothalamus that innervate the 
striatum, amygdala, and cortex. A correlation between the regional distribu­
tion of ADA-immunoreactive neurons and NBI binding sites has been re­
ported (101), suggesting that the systems are coinvolved in regulating the 
bioavailability of the purine. 

SECOND MESSENGER SYSTEMS 

Cyclic AMP 

As indicated, cyclic AMP is the primary second messenger associated with 
adenosine receptor activation (6). The nucleoside is a ligand for the recogni­
tion site. In contrast to other cyclic nucleotide-modulated systems, cyclic 
AMP can also modulate the enzyme via direct interactions with the P site on 
the catalytic subunit (Table 1). In addition, it can contribute to the precursor 
pool of ATP used as a substrate by the enzyme. In intact slice preparations, 
the contribution of exogenous adenosine to this ATP pool is negligible (6) and 
cannot account for the increase in cyclic AMP associated with A2 receptor 
activation. While cyclic AMP is a potent modulator of protein kinase activity 
(102), the physiological consequences of adenosine-related increases in cyclic 
AMP have yet to be demonstrated (29). The biphasic effects of R-PIA on 
glutamate release in cultured cerebellar neurons (103) in the absence and 
presence of pertussis toxin can be related to effects on both A 1 and A2 
receptors. In the absence of the toxin. R-PIA inhibits glutamate release. 
Pertussis toxin binds irreversibly to the Ni subunit (104) of adenylate cyclase. 
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PURINE RECEPTORS 325 

This binding prevents Al receptor activation and reveals the involvement of 
an A2 component in the adenosine agonist response and a concomitant 
increase in glutamate release. These toxin effects parallel similar effects on 
cyclic AMP formation. 

Phosphatidylinositol Turnover 

The recent surge of interest in the role of phospholipids as second messengers 
in the diacylglycerol-inositol triphosphate pathways ( l 05) prompted evalua­
tion of adenosine as an effector agent. While adenosine alone has no demon­
strated effect, it can potentiate the effects of histamine (38). 

Ion Fluxes 

The effects of adenosine on ion movement in both central (30, 47, 73, 106) 
and peripheral (30, 107) tissues have been well documented. Adenosine has 
pre- and postsynaptic effects (30, 108-l l l), the former related to adenosine's 
indirect actions on the release of other neurotransmitters (see below) and the 
latter to its direct effects on cellular excitation. The ionic mechanisms in­
volved reflect changes in calcium influx (30, 73, 112, 113), increases in 
potassium conductance (108, 109), and possibly regulation of sodium move­
ment (113). Adenosine also has non synaptic effects in the hippocampal slice 
preparation (30, 114, 115) that probably result from an increase in K+ 
conductance. Adenosine has an additional postsynaptic effect of long dura­
tion. It reduces neuronal excitability through calcium-dependent enhancement 
after hyperpo1arizations (110). The effects of the purine on membrane con­
ductance (106, 108, 113) are controversial (30). Synaptic transmission can be 
reduced by adenosine at concentrations that have no effect on membrane 
conductance potential (30). Presynaptic, rather than postsynaptic, actions, 
therefore, seem primarily responsible for the depressant actions of adenosine 
(114). The chronotropic and dromotropic actions of adenosine are also related 
to changes in K + conductance (107). 

At the molecular level, direct interactions between adenosine and calcium 
have been reported (116, 117), although adenosine does not affect the positive 
inotropic actions of the dihydropyridine calcium agonist Bay K 8644 (118). 
Cyclic AMP does not appear to be an obligatory second messenger for the 
electrophysiological effects of adenosine (36). A third receptor subtype, 
termed A3, may be involved in such effects (49). 

Neurotransmitter Release 

Adenosine is a potent and apparently ubiquitous modulator of neurotransmit­
ter release. It has been reported to inhibit the release of aspartate, glutamate, 
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norepinephrine, GABA, dopamine, serotonin, and acetylcholine (for reviews 
see 30, 47, 119). Adenosine has been reported to have biphasic effects on 
acetylcholine (120), and on norepinephrine and dopamine release (121), that 
may be related to the receptor SUbtype activated (103, 120). The role cyclic 
AMP plays in these effects on transmitter release is unclear (3, 29, 30). 

From a physiological, as opposed to pharmacological, vantage point, the 
effects of adenosine on transmitter release are confusing. The concentrations 
of adenosine required to change in vitro release are higher than those neces­
sary to change electrophysiological parameters. This discrepancy has been 
discussed (30) in relation to the effects of potassium on the various release 
systems. As mentioned, adenosine is generally thought to act presynaptically 
and to regulate calcium flux (37, 116), affecting stimulus-secretion coupling 
(73). Obtaining definitive evidence for the direct effects of adenosine on 
calcium fluxes has been difficult (30). Silinsky (73) has alternatively sug­
gested that receptor activation may reduce the affinity of a strategic com­
ponent of the secretory apparatus for calcium. Irrespective of the molecular 
events involved, the effects of adenosine on transmitter release need evalua­
tion within the context of autoreceptor function (122). 

Receptor activation involves a neurotransmitter released presynaptically 
that can modulate its own release, usually by feedback inhibition. Assigning a 
role in this process to the apparently nonspecific actions of adenosine has led 
to a good deal of confusion and has significantly contributed to the skepticism 
surrounding the therapeutic value of an agent affecting purinergic systems. At 
a behavioral level, adenosine has sedative activity (3) because it inhibits the 
release of glutamate and aspartate, the major excitatory transmitters in the 
brain. Adenosine can also inhibit the release of GABA, the major inhibitory 
neurotransmitter in the brain. Adenosine's sedative effect can be reconciled to 
its inhibition of GABA release because it disinhibits GAB A-related tonic 
influences. The localization of AI receptor to axon terminals of excitatory 
neurons{76) is consistent with this reasoning. 

However, many studies use a reductionist approach, that is, tissues are 
usually pre labeled with an excess of a chosen radioactive transmitter (or a 
precursor) that may not be stored (or released) in a manner analogous to that 
of the endogenous substance. Because of this bias, only the substance chosen 
to be studied actually is. In vivo, however, the effects of caffeine on dopa­
mine metabolism are regionally selective (123). Other in vivo studies using 
more sophisticated assay techniques to measure endogenous release will 
provide further evidence for the selectivity of adenosine. 

Adenosine can also affect monoamine synthesis. It affects the activity of 
tyrosine hydroxylase (124), increasing the enzyme's activity in the PC12 
pheochromocytoma cell line while changing cyclic AMP levels. 
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STRUCTURE-ACTIVITY RELATIONSHIPS AT 
ADENOSINE RECOGNITION SITES 

Defining receptor site function depends almost exclusively on identifying 
chemicals that selectively interact with the receptor in question. The major 
impetus in adenosine-related research was the observation that caffeine, the 
most widely used psychoactive agent in the world (3, 125), was an adenosine 
antagonist (22). Although almost twenty years have since passed, studies of 
purine nucleosides are directed more to their actions as antimetabolites (126) 
than as neuromodulatory agents. Thus, without exception, all known adeno­
sine agonists are purine nuc1eosides (6), whereas antagonists, with few 
exceptions, are imidazol [3,4d]-pyrimidines (9, 10, 26, 57). 

Studies of these agonists and antagonists have led to a considerable knowl­
edge of the structure-activity relationship (SAR) for adenosine receptors 
(127, 128). Using avidin-biotin conjugates (29), investigators have ex­
amined the receptor topography for the brain AI receptor. As already dis­
cussed, substitutions in the N6, 2, and 5' positions on the purine ring confer 
receptor site selectivity (39) and make the compound more resistant to 
degradation and uptake (6). Examination of many agonist analogs led to the 
postulation of models for the brain AI receptor (130) and for the coronary 
receptor. The coronary receptor has an SAR different from that for either AI 
or Az receptors (131). Adenosine analogs substituted in the N6 position 

_ (CHA, CPA, R-PIA; Figure I) are AI selective; 5'-substituted (NECA, 
MECA) and 2-substituted analogs (CV 1808) are active at Az receptor. 
Compounds substituted in both the N6 and 5 I positions tend to still be A I 
selective (130), but with reduced activity. The observed lower intrinsic 
activity and efficacy of adenosine itself have generally been assumed (3, 6, 
16, 29, 30) to be the result of the endogenous compound's susceptibility to 
metabolic degradation and uptake. This susceptibility may still be a major 
factor and certainly is in receptor binding assays that include ADA. However, 
several adenosine agonists differ in their efficacy, as assessed by their ability 
to increase Az receptor-mediated cyclic AMP formation (46, 48, 132). The 
order of activity is: NECA > 2-CADO > CPA;::::: N6-methyladenosine = 

adenosine N' -oxide> adenosine> R-PIA ;::::: CHA > S-PIA. The position of 
the substitutions does not appear to be consistently related to the efficacy of 
the analogs, which have been suggested (132) to be partial agonists. Howev­
er, P site (Table 1) activation may contribute to the efficacy of the analogs. 
The analogs probably do not interact with AI and Az receptor SUbtypes (103), 
as the binding profiles of these compounds §how (40). 

Substitutions in the 8-position of the xanthine molecule (Figure 2) increase 
adenosine antagonist activity considerably (9, 10, 26, 43, 57) in some in-
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stances and similarly decrease solubility (7). DPX, PACPX, and a series of 27 
other xanthines exhibit receptor selectivity of the order: A I > A2b > A2• (40). 
The activity of 8-cyclopentyltheophylline (CPT) when compared to that of 
CPA has led to the suggestion (40) that the cyclopentyl moiety of the xanthine 
and the purine both bind to the same region of the A I receptor. The xanthine 
therefore bound "backwards" compared to the nucleoside, with the pyrimi­
dine ring of the xanthine corresponding to that of the purine (Figures 1 & 2). 
The functionalized congeners, XAC and XCC (Figure 2;  10), and PD 113,297 
(Figure 2; 40; 133) are more soluble 8-substituted xanthines. PD 116,948 
(Figure 2) is an AI-selective antagonist, whereas PD 115,199, like NECA, is 
nonselective in its antagonist actions (59, 134). BW A1433U (Figure 2) is 
another potent xanthine antagonist (l35). 

Nonxanthine adenosine antagonists have also been described (Figure 3). 
CGS 8216,-a pyrazoloquinoline that is a potent inverse agonist at the central 
benzodiazepine receptor (136), has weak adenosine antagonist activity (44). 
Subsequent chemical modification of this compound led to the identification 
of the triazoloquinazoline CGS 15943A (44), a potent Az-selective adenosine 
antagonist with minimal benzodiazepine receptor interactions. The pyrazo­
lopyridines etazolate and cartazolate also have adenosine antagonist activity 
(40, 129, 137), as does the pyrazolopyrimidine DJB-KK (138) (Figure 3) .  
Two other xanthines, S-caffeine (139) and propentofylline (HWA 825; 140, 
141), have somewhat unusual biological activity profiles. Their effects are 
opposite to those of the more classical xanthines. It has been speculated (140) 
that propentofylline may be the first xanthine adenosine agonist. It enhances 
the effects of adenosine (142) . 

PHYSIOLOGICAL IMPLICATIONS OF ADENOSINE 
RECEPTejt FUNCTION 
Central Nervous System 

Much of the receptor work on adenosine receptor function has been carried 
out using nervous tissue because this tissue has a higher density of these 
receptors than other tissues. Because of the ubiquitous distribution of the 
nucleoside and its receptors (82, 143) and the paucity of structurally dis­
similar chemical entities to probe the adenosine receptor, adenosine's physi­
ological role in CNS function has largely been defined by inference (29, 30) .  

ADENOSINE AND LOCOMOTOR ACTIVITY Adenosine agonists decrease 
spontaneous motor activity (3) when administered either peripherally or 
directly into the brain. Sedative effects can also be observed (3, 21, 142). 
While A2 receptor activation has been linked to the sedative and locomotor 
effects of adenosine (144), the relative bioavailability of the various agonists 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

7.
27

:3
15

-3
45

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



PURINE RECEPTORS 329 

may also be a contributory factor (30). These effects of adenosine can be 
blocked by xanthines. However, adenosine at lower doses than those required 
to decrease locomotor performance can increase activity via mechanisms that 
cannot be blocked by caffeine (3). 

ADENOSINE AND SLEEP Adenosine is a potent sedative, eliciting a hypnotic 
state in various species including mammals (20, 21, 99, 145, 146). In rats, 
adenosine agonists increase deep sleep duration (146) and may increase REM 
sleep. Administration of the ADA-inhibitors EHNA (erythrohydroxynonyl­
adenine; 98) or deoxycoformycin (99) can induce sleeplike states. The adeno­
sine analog, I-methylisoguanosine (doridosine), does not affect sleep (147), 
suggesting receptor selectivity for adenosine. The central stimulant activity of 
the xanthines (3, 125) is consistent with a sedative and hypnotic action for 
endogenous adenosine. The ethanol-sensitive "long-sleep" mouse is more 
sensitive to the sedative and hypothermic actions of R-PIA than the ethanol­
insensitive "short-sleep" mouse (148). Such differences that have been related 
to increases in both the affinity and density of AI receptors in the long-sleep 
mouse (149). 

ADENOSINE AND ANXIETY Caffeine has well-documented anxiogenic 
activity (125, ISO). Following the discovery of a central benzodiazepine 
receptor (151), considerable effort was expended in the search for an 
endogenous factor similar in function to the enkephalins at the opiate receptor 
(or receptors) that would be the endogenous anxiogenic and anxiolytic agent. 
Inosine, isolated from bovine brain, was found to be a weak inhibitor (ICso = 

10-3 M) of ligand binding to the benzodiazepine receptor. Isobutylmethyl­
xanthine and 2-CADO were subsequently determined to be ligands for this 
receptor (lSI). The later identification of the �-carbolines (152) and various 
peptidic entities (153) that demonstrated activity similar to that of the ben­
zodiazepines (ICso values = 10-

9 M) raised considerable debate about the 
physiological significance of the inosine interaction (151,154, 155). Further­
more, no correlation could be demonstrated for the effects of a series of 
anxiolytics on benzodiazepine and AI receptor binding (137). 

Despite these negative data, a considerable amount of circumstantial evi­
dence still links purines to the antianxiety and other properties of the ben­
zodiazepines. Xanthines can antagonize the effects of benzodiazepines on cell 
firing (47) and behavior (155). Purines, like the benzodiazepines, are effec­
tive muscle relaxants (156, 157). It has been suggested that the sedative 
effects of the benzodiazepines, but not their anxiolytic activity, involves some 
interaction with purine-related systems (155). The adenosine-uptake in­
hibitor, dipyridamole, can inhibit benzodiazepine and AI receptor binding 
equally (137, 158) and has benzodiazepine agonist activity in vivo (159). The 
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benzodiazepine antagonist, Ro 15-1788, can antagonize caffeine-induced 
seizures in mice (160). The effects of the prototypic anxiolytic, meprobamate, 
together with those of many other centrally active therapeutic agents ( 1 61), 
have been related to the ability of such compounds to weakly inhibit adeno­
sine uptake (66). Benzodiazepine receptor antagonists cannot, however, in­
hibit the effects of diazepam on adenosine uptake (162). Given this series of 
relationships and the weak adenosine antagonist activity of the inverse ago­
nist, CGS 8216 ( 136, 137), there may be similarities in the receptor topogra­
phy and/or function of the central benzodia7:epine receptor and the AI re­
ceptor. 

ADENOSINE AND EPILEPSY Caffeine and theophylline have convulsant 
activity at high doses (125), whereas adenosine can prevent audiogenic- (21), 
kainate-, picrotoxin-, and mercaptoproprionic acid- (145) induced seizures. 
Adenosine levels in brain increase markedly during seizure activity (163), and 
as already noted, the purine may function as an endogenous anticonvulsant 
(89). R-PIA prolongs postictal depression and decreases the frequency of 
spiking following amydaloid-kindled and metrazole-induced (164, 165) sei­
zures. The effects of the anticonvulsant carbamazepine have been related to 
both diazepam and adenosine processes although an SAR was absent (166). 
Chronic treatment with carbamazepine can up-regulate AI receptors (166). 
The barbiturate anticonvulsants have micro molar affinity for the A I receptor 
(167). 

ADENOSINE AND ANALGESIA As with the other central processes in which 
adenosine may play a role, the association of adenosine with the mechanisms 
involved in analgesia is complex. Xanthines reduce morphine analgesia (168) 
and can elicit a "quasi-morphine withdrawal syndrome" (QMWS; 169), 
which involves an increase in norepinephrine turnover (170, 171). The ar 
adrenoceptor agonist c1 0nidine can antagonize the QMWS phenomenon 
(172). Both adenosine and c1 0nidine have been used to suppress responses to 
opiate withdrawal in humans (173) and animals (174): Xanthines reverse the 
respiratory depressant actions of morphine (175) and act as an analgesic 
adjuvant (176). This effect may be related to their ability to inhibit cyclo­
oxygenase activity (177). Conflicting reports (168, 178) have suggested that 
xanthines have both analgesic and antinociceptive activity, as does adenosine 
( 179). The analgesic actions of R-PIA can be blocked by theophylline but not 
by naloxone (180). Increases in adenosine receptor density have been found in 
morphine-dependent mice (181). 

ADENOSINE AND DEPRESSION It has been suggested. on the basis of the 
effects of antidepressants on cyclic AMP formation and their ability to 
potentiate the effects of adenosine, that certain of the effects of anti-
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depressants involve adenosine-related processes (182, 183). Chronic electro­
convulsive therapy (ECT), used in the treatment of depression, increases Al 
receptor density in rat brain (184). However, neither chronic antidepressant 
(185) nor lithium (184) treatment affects the affinity or density of Al recep­
tors. Several antidepressants are weak inhibitors of adenosine uptake (183). 

ADENOSINE AND SELF-MUTILATION BEHAVIORS Large doses of caffeine 
can elicit a self-destructive behavior in rats (186) similar to that observed in 
Lesch-Nyhan syndrome (187), an X-linked disorder that results in a deficit in 
the purine-metabolizing enzyme hypoxanthine-guanine phosphoribosyltrans­
ferase (HRGTPase). While chronic caffeine intake elicits a similar behavioral 
profile, rather than decreasing HRGPTase activity, the xanthine can actually 
increase it (186). This action suggests that the enzyme changes are co­
incidental and that the primary lesion in this disorder is a hyperactivity of 
central dopaminergic systems, most notably at the level of the basal ganglia 
(188). A selective association between adenosine and dopamine occurs at the 
behavioral (189, 190) and anatomical (191) levels. This relationship is further 
emphasized by the demonstrated antipsychotic profile of adenosine agonists 
in animal models (192). 

The relationship between a!2 adrenoceptor- and adenosine receptor- medi­
ated events is further underlined by the fact that clonidine can induce self­
mutilation (193). This effect is enhanced by caffeine and attenuated by 
adenosine (194). 

Cardiovascular 
Adenosine can regulate coronary blood flow (13, 18, 71) and has negative 
dromotropic, chronotropic, and inotropic effects on heart contractility (18, 
107). These effects can be mediated directly through interactions with adeno­
sine receptors. They can be indirectly mediated by either the inhibition of the 
release of other neurotransmitters affecting heart function or by the indirect 
antagonism of the myocardial actions of norepinephrine. The increase in 
coronary blood flow is mediated by Az-receptor activation (195). The effects 
on cardiac rhythmicity that involve the suppression of impulse formation in 
the sinoatrial node and the blockade of impulse propagation in the atrioven­
tricular node (107) involve an Al receptor (18, lO7). Exogenously adminis­
tered adenosine, due to its effects on cardiac conduction, has been suc­
cessfully used in the treatment of supraventricular tachycardia (196). During 
hypoxia, ischemia, or reactive hyperemia, adenosine is freely available (13, 
18). Thus, the observed effects of the purine on cardiac function are physi­
ological rather than pharmacological. Purine effects on heart function have 
been directly compared with those of acetylcholine (197). Both compounds 
have negative ionotropic actions, shorten atrial transmembrane action poten-
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tials, activate K+ channels, and elicit alJtiadrenergic effects in Purkinje cell 
fibers. The negative chronotropic effects of adenosine, unlike those seen with 
acetylcholine, are indirect, however (197, 198). This indirect action, like that 
related to the antagonism of catecholamine actions at the adenylate cyclase 
level (18), has not been demonstrated in the intact animal (193). Adenosine 
infusion can markedly decrease mean arterial pressure without affecting heart 
rate (199). In light of adenosine's lack of selectivity for either receptor 
subtype, this finding suggests (195) that A2 receptors are more sensitive to 
adenosine than AI receptors. However, the AI receptor-mediated effects of 
adenosine may offset the reflex stimulation of the heart when arterial blood 
pressure decreases. A vagal component of the effects of the purine on heart 
function also exists (8, 13) that does not appear to be mediated through reflex 
mechanisms. 

Xanthines have been used as cardiotonics (200) although their solubility 
and efficacy as adenosine antagonists result in the concomitant inhibition of 
phosphodiesterase activity and the generation of arrhythmias. The vasodila­
tory actions of a series of adenosine analogs have been ascribed to interactions 
with an atypical A2 receptor (201) . 

The possibility that the centrally observed actions of adenosine may be 
indirect and mediated via alteration in blood pressure or changes in the 
cerebral blood flow has been an issue of some concern (202). While peripher­
al actions can contribute to the central effects of the purine, changes in eNS 
function have been reported to occur at purine doses well below those that 
cause observable changes in blood pressure (3). 

Renal 

Adenosine, in contrast to its effects in the coronary vasculature, is a vasocon­
strictor in the kidney (19) and has biphasic effects on renin release (203). At 
low concentrations, activating AI receptors inhibits renin release and at higher 
concentrations, activating A2 receptors stimulates renin release. While both 
receptor SUbtypes are present on afferent arterioles (mediating constriction 
and dilation, respectively), only A2 receptors are present on efferent arter­
ioles, and these mediate dilation. Adenosine can increase sodium excretion 
(204) and sympathetic nervous activity, and it reduces the glomerular filtra­
tion rate (205). Adenosine is released from macula densa cells in response to 
an increased sodium load, which may function as the signal transducer to 
modulate renin release. Binding sites for [3H]2-CADO have been identified in 
kidney membranes (206). 

Pulmonary 

Theophylline is one of the most widely used antiasthmatic agents, acting as a 
bronchodilator (207). This effect has been traditionally ascribed to inhibition 
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of phosphodiesterase activity, an effect that parallels the effects of {32 adre­
noceptor agonists and forskolin in increasing pulmonary cylic AMP levels 
(208). In rat mast cells and guinea pig lung tissue, adenosine potentiates the 
histamine release that results from an allergic challenge. In human basophils, 
however, adenosine inhibits mediator release (209, 210). This apparent di­
chotomy has been resolved by the work by Church & Holgate (211), who 
found that adenosine has biphasic effects on mediator release, which reflect 
the time of challenge after an allergic insult. Administration of adenosine to 
asthmatics causes bronchoconstriction but has no effect in nonnal sUbjects. 
Thus, the effects of theophylline as an antiasthmatic may be consistent with 
its actions as an adenosine antagonist. Examination of the agonist profile for 
the mediation of histamine release from rat mast cells (212) has provided 
evidence that a novel adenosine receptor, neither Al nor A2, is involved in the 
mediation of autocoid release. 

Adenosine and the Immune System 

Adenosine can inhibit the mitogenic stimulation of lymphocytes by phy­
tohemagglutinin and can inhibit the cytolytic actions of mouse lymphocytes 
(213). The purine modulates T-cell subset-specific antigen expression, 
facilitating T8 antigen expression and activating radioresistant suppressor 
activity (214). Defects in immune function have been linked to deficiencies in 
ADA activity. In Hodgkin's disease, both ADA and 5'-nucleotidase activity 
decrease (215). In acquired immune deficiency syndrome (AIDS), purine 
nucleoside phosphorylase and ADA activities are increased (216). Such an 
increase suggests that the cellular disorder in this disease probably results 
from abnonnal lymphocyte differentiation. Adenosine can potently modulate 
neutrophil superoxide formation by interacting with Az receptors (217). It 
also prevents endothelial damage in cell cultures (218). The involvement of 
cyclic AMP in this effect is unclear (217). 2-CADO has immunosuppressant 
activity (219). 

Gastrointestinal Function 

Caffeine and theophylline can augment stress-related events (220). In rats 
restrained in the cold for 3 hr (221) or immobilized for 12 hr (222) a high 
incidence of gastric lesions occurs. CRA and R-PIA can also produce lesions 
in nonstressed animals. In studying the interaction of adenosine and clonidine 
in analgesia and self-mutilation and aggressive behavior, it was found that the 
U2 adrenoceptor agonist, clonidine, could block the action of adenosine on 
gastric lesion formation. This stress-related phenomenon appears to be cen­
trally mediated via Al receptors (221, 222). Adenosine receptors modulating 
gastric acid secretion are also present in the gastric fundus (223). The purine 
can also modulate pancreatic secretion (224). 
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Respiration 

Adenosine can cause respiratory depression via a mechanism that can be 
blocked by aminophylline (225). When administered both centrally and pe­
ripherally, adenosine and related analogs can decrease inspiratory neural drive 
and prolong expiratory time. Aminophylline has been used to treat the 
paradoxical ventilatory response in infants , and i. v .  adenosine can stimulate 
respiration (226) via a mechanism involving an increase in carotid-body 
chemoceptor discharge (227). 

ADENOSINE RECEPTOR DYNAMICS 

Treatment of animals with caffeine or theophylline can cause an up-regulation 
of AI receptors (228, 229), an effect associated with tolerance to the xan­
thines (230). Chronic carbamazepine (166) and opiate treatment (181) can 
increase receptor density. In contrast, in gerbils, transient ischemia can 
down-regulate AI receptors in the CA l region of the hippocampus (231). 

ADENOSINE UPTAKE 

The physiological significance of the ability of various classes of psy­
chotherapeutic agents to inhibit adenosine uptake has yet to be resolved, 
especially since the concentrations required to show significant effects are 
usually in the micromolar range. Nearly every class of centrally active 
therapeutic agents inhibits adenosine uptake (66). The side effects associated 
with the use of heterocyclic compounds (which can accumulate at high 
concentrations in brain bilayers) may be related to a relatively nonspecific 
effect on adenosine uptake. 

ADENOSINE AND CELLULAR ENERGY CHARGES 

The control of cerebral blood flow has been related to the redox state of 
NAD/NADH (232). However, cyclic AMP produced in response to A2-
receptor activation may be the primary mediator of the vasodilatory and 
vascular permeability changes ( 163,  233). In the context of the "retaliatory 
metabolite" hypothesis, and the production of adenosine under adverse con­
ditions, some adenosine-related neuromodulatory events may involve an 
energy charge transfer (33). In hypoxia, purine release from brain slices is 
related to a decrease in energy charge (234). 
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THERAPEUTIC TARGETING OF ADENOSINE 
RECEPTOR MODULATORS 

In considering the potential therapeutic applications of agents that either 
mimic or antagonize the actions of adenosine, it is clear that there are a variety 
of targets, many of which are attractive pharmacologically. Adenosine agon­
ists may be effective as antihypertensive agents (8, 195), in the treatment of 
opiate withdrawal (174), as modulators of immune competence (215) and 
renin release (203), as antipsychotics (192), and as hypnotics (146) . Con­
versely, antagonists may be useful as central stimulants (3), nootropics (141), 
cardiotonics (200) , antistress agents (221) , antiasthmatics (211) , and in the 
treatment of respiratory disorders (225). As emphasized, this relative smor­
gasbord of therapeutic applications reflects the lack of tissue- and receptor­
selective adenosine-receptor ligands. The demonstration of consistent species 
differences in adenosine-related systems (45, 235) further emphasizes the 
potential significance of adenosine in mammalian tissue function and the need 
for more selective agents (8). 

Much research needs to be done to reach this goal. The consistent, but as 
yet undemonstrated, interactions between adenosine and opiate, a adre­
noceptor, benzodiazepine receptor ligands, and, to a lesser extent, calcium 
channel-related processes further suggest that adenosine neuromodulation is 
not an epiphenomenon. In regard to the availability of endogenous adenosine 
under normal conditions, it has been suggested (29, 30, 236) that receptor 
density rather than purine availability is the primary factor determining 
responses to adenosine. This suggestion would be consistent with the selec­
tive activation of coronary A2 receptors by nonselective agonists (195). Much 
of the work done in the past five years has, due to technical limitations, been 
confined to the Al receptor. The possibility that A2a, A2b, and Pz recep­
tors may play significant roles in tissue function cannot be discounted at this 
time. 

Dunwiddie (30) has compared the role of adenosine as a neuromodulator 
with that of cyclic AMP in relation to protein kinase activation, whcre the 
location of the enzyme and its substrates regulates the final response to 
elevation of cyclic nucleotide levels. In any cvent, adenosine and related 
adenine nucleotides, like the peptides, represent unconventional 
neurotransmitters. They require ncw hypotheses to explain their role in tissue 
function (30). With the current rapid progress in the biological evaluation of 
adenosine as a neuromodulator, together with increased efforts in developing 
new chemical entities in this area, adenosine may be the first neuromodulator 
to aid significantly the understanding and treatment of human disease states 
where current therapy is either absent or limited. 
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