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Preface

Historically, the major emphasis on the study of purinergic
systems has been predominantly in the areas of physiology and
gross pharmacology. The last decade has seen an exponential in-
crease in the number of publications related to the role of both
adenosine and ATP in mammalian tissue function, alevel of interest
that has evolved from a more molecular focus on the identity of
adenosine and ATP receptor subtypes and the search for selective
ligands and development of radioligand binding assays by Fred
Bruns and colleagues (especially that for A, receptors) that played
a highly significant role in advancing research in the area.

In the 60 years since adenosine was first shown to be a potent
hypotensive agent, a considerable investment has been made by
several pharmaceutical companies—including Abbott, Byk
Gulden, Takeda, Warner-Lambert/Parke Davis, Boehringer Mann-
heim, Boehringer Ingelheim, Nelson/Whitby Research and CIBA-
Geigy— as well as John Daly’s laboratory at the National Institutes
of Health, to design new adenosine receptor ligands, and both agon-
ists and antagonists with the aim of developing new therapeutic
entiities. Numerous research tools have derived from these efforts
including: 2-chloroadenosine, R-PIA (N¢-phenylisopropyladeno-
sine; NECA (5' N-ethylcarboxamidoadenosine); CV1808; CI 936;
PD125,944; NS-benzyladenosine; PACPX; CPX; CPT; XAC; CGS
15943 and CGS 21680. Yet in the realm of therapeutics it was only
in 1989 that adenosine itself was approved for human use in the
treatment of supraventricular arrythmias. The purine nucleoside is
also undergoing clinical trials as a hypotensive agent for use in
aneurysm surgery, while ATP is being evaluated for use in shock
and cancer therapy. Though one or two companies are rumored to
be actively pursuing agonists and selective xanthine antagonists in
the clinic, other compounds for which substantiated data is avail-
able are ‘indirect’ adenosine agonists. The novel nucleoside trans-
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vi Preface

portinhibitor, mioflazine, is in clinical trials as a hypnotic, while the
adeno-sine ‘potentiator’ AICA riboside is being evaluated for use
in myocardial reperfusion injury.

This clinical situation appears in marked contrast to the wealth
of potential uses for receptor selective agonists and antagonists
that have been proposed over the past 10 years and may lead the cas-
ual observer to the area wondering why it has taken 60 years and
considerable chemical effort for the parent entity, adenosine, to be
approved for human use.

The major constraint in the therapeutic use of adenosine has
been the ubiquitous nature of both its distribution and cellular ac-
tions. The latter encompasses both extracellular and intracellular-
related processes that are fundamental to cell function. Thus while
adenosine and its more stable analogs are effective hypotensive
agents and the bradycardiac effects of the purine can be eliminated
via the use of an A,-receptor selective ligand, the effects of such
agents on neutrophil, lymphocyte, renal, CNS and immune system

“function have not been systematically evaluated within the context
of such ancillary actions. Conversely, the interesting actions of
adenosine on striatal dopaminergic systems documented by the
Parke Davis group have not been adequately addressed within the
context of the constellation of adenosine receptor actions in the
periphery, the latter not a reflection of inadequate experimental
paradigms, but rather a global paucity of data, both acute and
chronic. As aresult, though adenosine, its stable analogs, and ATP
each may elicit profound and potentially exciting actions in various
systems, the inevitably reductionistic nature of such studies have
little bearing on the clinical situation in which each and every adeno-
sine receptors are potential targets for drug actions and do little to
refute the inevitable expectations of lack of selectivity that appear
unique to the purines, as opposed to peptides.

These limitations, though considerable, should not obscure the
fact that hypotheses related to the discrete role of adenosine in tissue
function and disease pathophysiology have yet to be adequately
tested. For many of the selective ligands mentioned above, the data
derived from their clinical evaluation was generated in the absence
of knowledge of the adenosine receptor subtypes. For others, toxi-
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city, lack of efficacy, or other reasons led to such compounds being
‘killed’ before they were evaluated in the clinic. As an example, it
is important to remember that adenosine is not the only agent capa-
ble of reducing blood pressure. It is however, one of the oldest enti-
ties reported to have such activity and still has yet to reach the
marketplace for this indication. In the face of the presently used
diuretics, B-blockers and angiotensin-converting enzyme inhibi-
tors, and the renin inhibitors and angiotensin II antagonists cur-
rently in development, it appears highly unlikely that adenosine
will ever be marked as a classical antihypertensive. However, in
other areas such as inflammation, epilepsy, and ischemia-related
cell death, where therapies are either limited or nonexistent, pres-
ent research findings suggest that drugs that modulate adenosine
systems may have significant therapeutic potential. The only sure
way of assessing such potential is to delineate the receptor subtypes/
mechanisms involved, and then to design safe and selective agents
and test these in humans.

In the present volume, these and other issues related to adeno-
sine as a therapeutic target are reviewed in a consistent and compre-
hensive manner, emphasizing the progress to date and highlighting
the challenges for the nextdecade. The book thus may be contrasted
with the majority of those published since 1978, not only in that it
highlights progress in a more pragmatic, therapeutic context, but
also in that it is not the proceedings of a conference, but a more sys-
tematic collation and critical analysis of research in this area from
the chemical, biochemical, and therapeutic vantage points.

The authors of the various chapters are distinguished author-
ities in the realm of adenosine research and have each focused on
their areas of speciality from receptor concepts through receptor
ligands and adenosine availability to biochemical and electrophysi-
ological actions of the purine nucleoside. Considerable attention is
also focused on the cardiovascular, CNS, renal, pulmonary, and im-
mune/systemic actions of adenosine and the therapeutic potential in
these areas.

The editor would like to extend sincere thanks to the authors
for the excellence of their contributions as well as their patience
during the editorial process. The reader may note that the editor has
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taken a pro-active role in several places in order to ensure that the
book was as comprehensive as possible. His thanks go to Kevin
Mullane, Ken Jacobson, and Mike Jarvis for their willingness to co-
author their respective chapters and to Jonathan Geiger, David
Bylund, and Tom Lanigan whose support (and persistence) helped
in no small way to maintain momentum at times when the likelihood
of this volume being completed appeared remote. Especial thanks
also go to Holly Roth Williams for designing the book jacket and to
the editor’s former colleagues at CIBA-Geigy, Al Hutchison, Jen
Chen, and John Francis, for their interest in the chemistry of adeno-
sine and from whose efforts the nonxanthine antagonist, CGS 15943
and the A -selective agonist, CGS 21680 and related entities arose.

For the ever increasing body of ‘adenophiles,’ itis to be hoped
that the 1990s will be the decade in which many of the hypotheses
reviewed in the subsequent pages will be more fully tested and
result in therapeutic agents that—acting directly or indirectly via
adenosine (and ATP) receptors of whatever subtype—will repre-

sent significant improvements over existing drug therapies in a va-
riety of disease states.

Michael Williams
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CHAPTER 1

Adenosine Receptors

An Historical Perspective

Michael Williams

1. Introduction

It is now 60 years since Drury and Szent-Gyorgyi (1929) found
that adenosine produced profound hypotension and bradycardia as
well as affecting kidney function in mammals. At a time when the
thiazide diuretics, B-adrenergic receptor antagonists , and angiotensin
converting enzyme (ACE) inhibitors were unknown, the potential of
the nucleoside as an antihypertensive agent was attractive, and con-
sequently, adenosine was rapidly evaluated in man (Honey et al.,
1930; Jezer et al., 1933; Drury, 1936) with disappointing results be-
cause of the lability of the natural nucleoside. Accordingly, the purine
was felt to have limited usefulness as an antihypertensive agent, and
it was not until the 1950s that the effects of adenosine on mammalian
cellular function were again evaluated (Green and Stoner, 1950; Feld-
berg and Sherwood, 1953; Winbury et al.,1953; Wolf and Berne,
1956). The hypotensive actions of adenosine were reconfirmed, as
was the ability of the purine to modulate pulmonary and CNS func-
tion.

Berne and coworkers, in a seminal series studying the involve-
ment of endogenous adenosine in dilating coronary resistance ves-
sels (Berne, 1963;1985; Berne et al.,1974), proposed that the purine,

Adenosine and Adenosine Receptors Editor: Michael Williams ©1990 The Humana Press Inc.
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2 Williams

via effects on local blood flow, regulated oxygen availability in
accord with the metabolic demands of the heart. Evidence has accrued
from other systems to support this “retaliatory” action of the purine
(Newby, 1984); however, definitive evidence for this hypothesis is
still lacking (Berne et al., 1987). Nontheless, the potential role of
adenosine as a modulator of cardiovascular function is well estab-
lished (Mullane and Williams, 1990).

Concommitant with the physiological studies of Berne and
coworkers, Burnstock (1972), while studying nonadrenergic, non-
cholinergic (NANC) transmission processes in smooth muscle in
peripheral tissues, identified Adenosine triphosphate (ATP) as the pu-
tative transmitter for a third, purinergic division of the autonomic
nervous system. Like that related to the metabolic role of adenosine,
this theory has beenrepeatedly challenged, with several peptides also
being proposed as the mediator(s) of NANC transmission. Despite
this controversy and the lack of selective antagonists for its actions,
ATP is still the most likely contender for the role of mediator in
NANC transmission.

The third major contribution to the definition of the role of
purines in extracellular communication arose from the discovery of
the second messenger, cyclic AMP, in the mid 1960s. In the flurry of
papers studying the effects of a variety of putative neurotransmitter/
neuromodulator candidates on brain slice cyclic AMP levels,
Mcllwain and Rall and their coworkers (Kakiuchi et al.,1968; Sattin
and Rall, 1970; Pull and Mcllwain, 1972; Kuroda and Mcllwain,
1973) found that adenosine was released when slices were electrically
stimulated and that the purine could enhance the production of the
cyclic nucleotide. This effect did not occur by an increase in ATP
precursor pools for cyclic AMP, but rather by a receptor-mediated
effect. The pivotal discovery resulting from these neurochemical
studies was that the methylxanthines, caffeine and theophylline, were
adenosine antagonists (Sattin and Rall, 1970). This finding thus pro-
vided an effective means to study adenosine-related effects in a vari-
ety of mammalian tissues. The exponential rise in publications de-
voted to the study of adenosine receptors (Fig. 1) resulted directly
from the biochemical demonstration of the existence of a distinct
adenosine receptor and the subsequent ability to radiolabel this enti-
tity (Bruns et al., 1987a; Williams and Jacobson, 1990).
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Fig. 1. Publications in the area of adenosine receptors since 1970.

The metabolic lability of ATP in physiological solutions, the
nucleotide giving rise to the nucleoside, adenosine, led many to
equate ATP with adenosine, the effects of the former being mediated
via formation of the latter. However, in the periphery, the actions of
the two purinergic compounds were distinct (Burnstock, 1976), lead-
ing to the seminal proposal of two classes of purinergic receptor
(Burnstock, 1978) termed P, and P, (Table 1), the P, receptor being
sensitive to adenosine and the P, to ATP.

2. Purinergic Receptors

Further studies on the effects of adenosine and its more metaboli-
cally stable analogs on cyclic AMP formation in a variety of cell
systems led Londos and Wolff (1977) and Van Calker et al. (1979)
independently to describe two subtypes of the P, receptor. Initially
described in terms of their effects on cyclic AMP formation, these
were termed Ri and Ra, the “R” designation referring to the need for
an intact ribose moiety to produce activity, and the “i”” and “a” indi-
cating that receptor activation led to inhibition or activation of adenyl-
ate cyclase activity. A third subclass of the P, receptor was also
described and termed the P receptor (Haslam et al.,1978). In contrast
to the R receptors, this receptor is located intracellularly on the cata-
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Table 1
Purinergic Receptor Classification®
Receptor  Subtype Ligand Potency
P1 A (Ri) CPA>CHA>R-PIA >2-CADO > NECA >
S-PIA > CV 1808 > CGS 21680

A, (Ra) NECA = CGS 21680 > MECA > 2-CADO >
CV 1808 = R-PIA > CPA = CHA > S-PIA

. CV 1674 > MADO?

A, MADO >> CV 1674

P, o-B-Methylene ATP = B-y-Methylene ATP >
ATP > 2 Methylthio ATP > adenosine

P, 2-methylthio ATP >> ATP > o-f-methylene
ATP = B-y-methylene ATP >> adenosine

“Data from Bruns et al. (1987a); Burnstock and Kennedy, (1985) and Trivedi et
al. (1990).
*MADO = N°methyladenosine.

lytic subunit of adenylate cyclase and requires an intact purine ring
to produce its effects. The physiological significance of this site is
unknown, although it is pharmacologically distinct from the R recep-
tors. When activated by high concentrations of adenosine, the P re-
ceptor inhibits cyclic AMP formation.

The Ri and Ra subtypes of the P, receptor are now called A, and
A,, as designated by Van Calker et al. (1979). Although adenosine
receptor activation is traditionally associated with cyclic AMP for-
mation, there have been many instances where a role for the cyclic
nucleotide has not been proven. Accordingly, the A /A, receptor
designation now relates to the pharmacology of the receptors rather
than their second messenger system (Hamprecht and Van Calker,
1985; Fredholm and Dunwiddie, 1988), since cations, phosphatidy-
linositol turnover, and arachidonic acid metabolites may function as
second messengers for adenosine.

Many selective agonist and anatagonist ligands exist for the A
receptor, including CHA (NS-cyclohexyl adenosine), CPA (N°-cyclo-
pentyl adenosine), R-PIA (R-N°-phenylisopropyl adenosine), CCPA
(2-chloro-N5-CPA), (S)-EBNA (N°-endonorbornyladenosine), DPX
(1,3-diethyl-8-phenylxanthine), 8-PT (8-phenyltheophylline), and
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CPX (1,3-dipropyl-8-cyclopentylxanthine). These compounds have
been extensively used either as “cold” ligands or as radioligands to
characterize the distribution and function of this adenosine receptor
subtype in a variety of tissues (Schwabe, 1988; Bruns et al., 1987a ;
Lohseetal., 1988; Trivedietal., 1989, 1990b; Williams and Jacobson,
1990). However, there have been few selective ligands for the A,
receptor. NECA and CV 1808 (2-phenylamino adenosine) are active
at the A, receptor, with the latter adenosine analog being some five-
fold selective for the brain A, receptor (Bruns et al., 1986; Stone et al.,
1988; Trivedi et al., 1989). Activity associated with the use of NECA
where this adenosine agonist is more active than CPA or CHA can
therefore be ascribed to A, receptor-related events (Table 1). At
one time, an additional criterion for distinguishing between A, and
A, receptor effects was the relative ratio of activities of R- and S-
isomers of PIA. At the A, receptor, R-PIA usually has an activity
greater than 10-fold that of the S-isomer, whereas at the A, receptor,
this difference is less than 10-fold (Stone, 1985). In studies on the
effects of R- and S-PIA on cyclic AMP production (Fredholm et al.,
1982) and radio- ligand binding (Ferkany et al., 1986; Stone et al.,
1988) in different species, it has become apparent that the R/S-PIA
ratio cannot be used to delineate receptor subtypes. However, the
discovery of the potent and selective A, agonist, CGS 21680
(Hutchison et al., 1989), has provided an important new tool to define
A, receptor-mediated events.

Antagonist ligands selective for the A, receptor have also been
identified including, DMPX (Ukena et al., 1986; Seale et al., 1988)
and the nonxanthine CGS 15943A (Williams et al.,1987; Daly et al.,
1988). Like the 8-phenylsulphonamide xanthine, PD 115,199, which
is equiactive at both A and A, receptors (Bruns et al., 1987b), these
compounds are marginally useful as A, selective ligands.

Pharmacologically, in the rat, A, receptors have the rank order
activity: CCPA = (S)-EBNA > CPA > CHA >R-PIA > NECA > S-
PIA >CV 1808 >CGS 21680C (Table 1). For A, receptors, the rank
order is: NECA = CGS 21680C > CV 1808 > R-PIA > CHA = CPA
> S-PIA.

High and low affinity subclasses of the A, receptor have been
proposed (Daly et al., 1983; Bruns et al., 1986) based on adenylate
cyclase and binding data. These have been termed A, and A, respec-
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tively (Bruns et al.,1986) and, despite the fact that antagonists are
more active than agonists at the latter receptor, appear to represent
distinct binding sites. Since many agonists have similar activities at
A, and A, receptors, the use of N°-methyl adenosine and CV 1674 (2
[p-methoxyphenyl] adenosine) to delineate interactions between the
two has been proposed (Bruns et al., 1987a) and is shown in Table 1.

A third type of adenosine receptor, termed A,, has also been
proposed, based on the effects of the purine on calcium-related events
in nervous tissue (Riberio and Sebastiao, 1986). In addition, there are
many documented reports, usually in functional systems in which the
rank order of potency of adenosine receptor ligands fits neither the A
nor either A, activity profile (Varney and Skidmore, 1985; Gilfillan
etal.,1989). Although such findings may represent differences in the
bioavailability of the respective agonists, they may also represent
other potential adenosine receptor subtypes. One concern in ranking
adenosine agonists that may contribute to potential receptor differ-
ences that has not been evaluated to a major extent is the measurement
of efficacy in different functional systems (Bazil and Minneman,
1986).

Subclasses of the P, receptor have also been described (Burn-
stock and Kennedy,1985), termed P, and P, (Table 1). The P, recep-
tor is more sensitive to o-B-methylene ATP than 2-methyl thioATP,
whereas the converse is true for the P, receptor. Different functional
responses to these receptors have been described, but again, selective
antagonists are not available, and studies on ATP-related responses
have been more physiological than pharmacological. Two attempts
to label the P, receptor (Williams and Risley, 1980; Fedan et al.,1985)
were somewhat inconclusive.

3. Adenosine as a Neuromodulator

Despite a large body of evidence showing receptor-mediated
effects of adenosine, there is still considerable scepticism that the
nucleoside can function as a physiologically important modulatory
agent. The involvement of adenosine in nucleic acid synthesis, as a
cofactor in many enzymic reactions, and as an integral part of cellular
energy systems (Arch and Newsholme, 1978) has tended to argue
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against any discrete role for the nucleoside in cell function, as has its
relatively high concentrations. In addition, the factors governing the
availability of the purine in the extracellular mileau, although well
studied (Stone et al., 1989; Geiger and Nagy, 1990), are poorly under-
stood. Many contradictory studies exist relating neuron activity with
alterations in adenosine availability (Williams, 1987). Electrical
stimulation and K* depolarization have been reported to evoke adeno-
sine release (Kuroda and Mcllwain, 1973, 1974; Fredholm and
Hedqvist, 1980; Stone, 1981); however, such release has also been
described as a carrier-mediated “neuronal nonexocytotic” process
(Jonzon and Fredholm, 1985). Despite many attempts to categorize
adenosine availablity in terms of that of more conventional neuro-
transmitters, the issue, after nearly 20 years of research, remains
unresolved. However, adenosine-containing neurons have been ob-
served using antibodies against an adenosine conjugate (Braas et al.,
1986), and a discrete adenosine deaminase containing neuronal net-
work has been observed in brain tissue (Nagy et al., 1984). Further-
more, the distribution of both A and A, receptors is heterogenous in
a variety of tissues (Goodman and Snyder, 1982; Jarvis,1988).
Nonetheless, the lack of a clear consensus on factors affecting adeno-
sine availability plus evidence for the vesicular storage of the purine
as distinct from that portion involved in intracellular energy metabo-
lism has made the acceptance of adenosine as a bona fide neuromodu-
latory agent that much more difficult.

In studies on the effects of the xanthine adenosine antagonists on
neurotransmitter release from brain tissue, Harms et al. (1978) coined
the term “purinergic inhibitory tone.” These authors found that xan-
thines could produce effects on their own that they ascribed to antago-
nismof the actions of endogenous adenosine. This led to the postulate
that, under normal circumstances, the purine was available in suf-
ficent quantities to affect receptor function and thus functioned as a
homeostatic mediator (Williams, 1987), more akin to a hormone than
a transmitter. Agents with such actions have been termed paracrine
neuroactive substances (Schmitt, 1982) “exist(ing) in solution in the
intercellular ambient mileu bathing...cells.” The selectivity of action
of such agents is dependent, not on transient changes in their availa-
bility but rather “their ability to bind with high affinity to specific re-



8 Williams

ceptors presumably arrayed on neuronal surfaces that interface with
the ambient intercellular mileu.” Although Schmitt’s comments re-
lated primarily to peptides, the concept proposed is not inconsistent
with that for adenosine, as deduced from available evidence.

Interestingly, although the concept of peptidic neurotransmis-
sion is readily accepted, many of the problems associated with the
acceptance of adenosine (or ATP) as a neuroeffector agent can be
extrapolated to the peptides. This has not diminished research inter-
est in the latter, and it is thus somewhat lamentable that the concept
of purinergic neuromodulation has not received the same resources in
terms of chemical and biological research support as such peptides as
Substance P and cholecystokinin.

Like many other neurohumoral agents (Roth et al., 1986), adeno-
sine is active in both vertebrates and unicellular organisms, and has
been proposed as the prototypic neuromodulator, preceeding the pep-
tides in evolutionary terms (Williams, 1989). Both the cyclic nucleo-
tide and adenosine are melanin-dispersing agents in fish (Novales and
Fuiji, 1970; Miyashitaet al., 1984). Since the effects of the cyclic nu-
cleotides can be blocked by theophylline, they have been proposed to
involve adenosine receptor activation (Oshima et al., 1986).

From a pathophysiological perspective, the paracrine neuroac-
tive substance concept is attractive when considering both the retali-
atory role of adenosine in response to tissue trauma (Newby, 1984)
and the concept of disease processes in general. Under conditions of
hypoxia and ischemia, tissue levels of adenosine are markedly in-
creased because of ATP breakdown (Berne et al., 1974; Winn et al.,
1985; Phillis, 1989). The nucleoside can then act, via adenosine re-
ceptor activation, to attenuate host defensive responses, especially
those that are neutrophil-mediated, in order to facilitate tissue recov-
ery (Engler,1987; Mullane and Williams, 1990). This concept of a
global homeostatic role for the purine is supported by the diverse
disease states in which adenosine has been implicated (Williams,
1987). In the CNS, considerable evidence exists to implicate the
nucleoside in mechanisms related to epilepsy, anxiety, and pain. Al-
though purinergic inhibitory tone and the consequent effect of adeno-
sine in inhibiting transmitter release is one explanation for the spec-
trum of CNS activity, the benzodiazepines share a similar profile of
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activity, diazepam as an anxiolytic/anticonvulsant and tifluadom as
an analgesic (Williams and Olsen, 1988). The benzodiazepines have
been considered as universal pharmacophores or “privileged struc-
tures” for peptide receptors (Williams et al., 1987b; Evans et al.,
1988) and may thus represent exogenous factors linking purine and
peptide neuromodulation to disease amelioration.

A major objection to the use of adenosine receptor ligands as
therapeutic agents is that the postulated involvement of the purine in
a vertiable plethora of disease states is inconsistent with any conceiv-
ablerole asadiscrete agent. Yet,one of the oldest and most frequently
used medications, aspirin, would theoretically suffer from similiar
qualifications if cyclooxygenase inhibition were considered as a mo-
lecular target. Similarly, the HMG CoA reductase inhibitor, mevino-
lin (Stokker et al., 1986), which is used to lower plasma cholesterol
levels, can be conceptually considered to be a poor drug target, since
inhibition of this enzyme can lead to the impairment of membrane
structure as well as disrupt steroid synthesis. Yet, the proscribed use
of drug therapies implies atypical cellular function. Thus aspirinis an
effective treatment for headache, since it presumably inhibits a cyclo-
oxygenase that is hyperactive and thus acts in the manner of a para-
crine mediator, so that the hyperactive enzyme rather than drug avail-
ability governs the response observed. Inthe case of mevinolin, under
circumstances where plasma cholesterol is high, it may be assumed
that the associated disease lesion is an excessive formation of the
steroid and that the enzyme inhibitor at therapeutically effective doses
can reduce cholesterol without affecting other steroid-dependent pro-
cesses. These examples provide an important framework in further
considerations of a therapeutic role for adenosine-related drugs.

Epilepsy and cardiac arrhythmias have been termed “dynamical
diseases” (Pool, 1989) involving alterations in existing chaotic rhyth-
mical processes that are homeostatic in nature. Both involve adeno-
sine as.an endogenous mediator of thythm generation (Bellardinelli et
al., 1983; Dragunow et al., 1985). The purine has been proposed as
an endogenous anticonvulsant (Dragunow, 1988) and is used in the
treatment of supraventricular tachycardia (DiMarco et al., 1983).
According to the chaotic rhythm hypothesis, an entropic shift to a
simple, more ordered state is indicative of an impaired biological
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system, with the attendent synchronization leading to an overt patho-
physiology. The effectiveness of adenosine in treating the rhythmic
disturbances associated with seizure and ventricular desynchroniza-
tion and its underlying role in CNS and cardiac function may point to
a pivotal role for the nucleoside in chaotic flexibility and thus provide
an explanation for the ubiquitous role of adenosine in mammalian
tissue function, purinergic homestasis providing the mileu for vital
tissue function under both normal and traumatic conditions. In those
instances where adenosine function (or availability) become compro-
mised, as may occur in chronic disease states with a genetic or pro-
gressive etilogy, both exogenous adenosine and certain drug classes
may prove beneficial in the rectification of cell function. This global
hypothesis, built on the as yet unproven proposal of chaotic health
(Pool, 1989), may provide a focal point in continuing studies related
to the role of adenosine in cell function.
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CHAPTER 2

Radioligand Binding Assays
for Adenosine Receptors

Michael Williams
and Kenneth A. Jacobson

1. Introduction

The technique of radioligand binding is one that has been of
considerable importance in defining receptor function at the molecu-
larlevel. In addition to providing evidence for the potential existence
of receptor subtypes, subclasses, and states (Williams and Enna,
1986; Williams and Sills, 1989), the ease and resource efficiency of
the technique makes it an indispensable part of the drug discovery
process, facilitating the targeted screening of many thousands of new
chemical entities (NCEs) to allow for the discovery of new structural
classes that interact with the receptor target (Williams and Jarvis,
1989). In the adenosine area, the technique has permitted the discov-
ery of several classes of heterocyclic compounds that function as
adenosine antagonists (Psychoyos etal., 1982; Williams et al., 1987a;
Daly et al., 1988; Trivedi and Bruns, 1988; Peetet al., 1988; Williams,
1989) but to date, the only known agonists at adenosine receptors
retain properties of the purine nucleoside structure.
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2. General Principles of Radioligand Binding

There are several excellent monographs and reviews in which
the subject of radioligand binding is covered in great depth
(Yamamura et al., 1985; Limbird, 1986; Enna, 1987; Williams et al.,
1988). For the purposes of the present chapter, it is sufficient to
note that a radioligand of specific activity 20 Ci/mmol or greater is
opti-mal for the labeling of areceptor by binding to it in a competi-
tive, reversible and saturable manner, according to the law of mass
action.

A radioactively labeled ligand can thus be used to recognize
a neurotransmitter receptor. The basic properties of this binding
site can be studied by kinetic and saturation analysis to derive a
measure of the affinity of the ligand for its recognition site as well
as an estimate of the number of binding sites in a given tissue. The
affinity is usually measured as the dissociation constant, or K, and
is in molar units, usually in the nanomolar range. The density of
binding sites is measured as the apparent B__, which has mol U/tis-
sue weight, the latter usually expressed in terms of mol U/mg pro-
tein.

Saturation data are usually transformed for analysis in terms of
what is generically known as a “Scatchard Plot,” in which the amount
of specifically bound radioligand is linearly transformed and plotted
against the ratio of bound radioactivity divided by the added amount.
In a simple system, this plot is linear, and the slope and abscissa inter-
cept can be used to derive the K, and B_ _ values for an experiment
in which, typically, 6-12 concentrations of ligand are incubated with
fixed amounts of tissue. More often, the plot obtained from the
Scatchard derivation is curvilinear, suggesting the presence of mul-
tiple binding sites. The routine use of computerized nonlinear re-
gression programs that use untransformed data can more objectively
assess the true situation and provide a statistical fit of the data (Wil-
liams and Sills, 1989). This of course does not ascribe any function-
ality to binding sites with different affinities or densities, a major point
of controversy that has led to the epithet “grind and bind” when bind-
ing data are generated in a vacuum devoid of any functional or physio-
logical relevance.
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There are technical constraints dependent on the parameters
derived from saturation analysis. The first of these is that, unless a
ligand interacts with a given binding site with high affinity, the means
by which the receptor ligand complex is isolated can affect the data
derived. For a high affinity ligand (K, ~ 20 nM), filtration is an
effective and reliable means by which to separate bound radioactiv-
ity from free. As the affinity decreases (an increase in the K, value),
filtration tends to remove bound as well as free radioactivity, leading
to an underestimate of both parameters and providing extremely
variable data. This problem can be circumvented by the use of cen-
trifugation to pellet the receptor-ligand complex. This generally al-
lows a more reliable estimate of radioactivity bound with low affinity,
but is also more time consuming and results in higher background
radioactivity. In those instances where the “ideal” high-affinity li-
gand is unavailable, the centrifugation assay can be used as a screen
to provide such ligands (Williams and Jarvis, 1989).

Similarly, alow density of binding sitesin a given tissue can limit
the amount of useful data obtained. In many instances, brain tissue
can be used as a model screening system for potential NCEs that will
be used in peripheral tissues. This tissue has adenosine receptor
densities in the pmol/mg protein range. In peripheral tissues, such
values may be in the fmol range, reflecting the discrete innervation of
such tissues as compared to the central nervous system. Binding sites
in such tissues can, however, be characterized by the use of iodinated
radioligands that have specific radioactivities of up to 2200 Ci/mmol.
Thus the signal to noise ratio for such ligands is such that the binding
of a few molecules can be detected. Alternatively, the technique of
receptor autoradiography can be used (Jarvis, 1988).

Once the binding parameters (K, and B__) for a radioligand
have been determined, its pharmacology can then be determined
using a variety of other drugs and NCEs and compared with similar
profiles derived in functional assays (adenylate cyclase, phosphatidy-
linositol turnover, calcium rise) and tissue models to determine
whether the binding site is indeed areceptor. Itis customary to evalu-
ate 20-30 compounds to determine the structure—activity profile for
a binding site. Inactive compounds can be as important as those that
are active in assessing the validity of a binding assay.
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3. Adenosine Receptor Binding Assays

Early studies related to defining adenosine receptors using radi-
oligand binding technology relied on [*H]adenosine and [*H]2-chlo-
roadenosine (Fig.1) as ligands (Malbon et al., 1978; Schwabe et al.,
1979; Williams and Risley, 1980; Newman et al., 1981; Wu et al.,
1980; Schiitz and Brugger, 1982). The use of [°H] adenosine was
limited by its susceptibility to degradation by tissue enzymes such as
adenosine deaminase (ADA) and was further confounded by appar-
ently low binding affinity (K, values = 0.6-9.5 uM), high-capacity
binding sites (B_,, values =2-30 pmol/mg protein), and inconsistent
structure activity data. The ability of tissues to produce large quanti-
ties of endogenous adenosine also proved to be a major factor in
confusing the data obtained. The more metabolically stable 2-chlo-
roadenosine (2-CADQ), although an unstable radioligand, gave bet-
ter data, with K, values in the order of 100 nM (Williams and Risley,
unpublished data). It was, however, not until the endogenous adeno-
sine was removed by treatment of the tissue (in this instance, rat brain)
with the enzyme (ADA) that high affinity, nanomolar binding of this
ligand was observed (Williams and Risley, 1980). However, at this
juncture, four independent groups reported high-affinity binding of
agonist radioligands in brain tissue (Bruns et al., 1980; Schwabe and
Trost, 1980; Williams and Risley, 1980; Wu et al., 1980).

For 2-CADO, two binding sites (K, values = 1.3 and 16 nM) were
reported in the presence of ADA (Williams and Risley, 1980) and one
(K, =23 nM) in the absence of enzyme treatment (Wu et al., 1980),
the identity of the latter site confounding the apparent need to remove
endogenous adenosine. Although this ligand has beenreported to bind
to adenosine receptors in the cerebral microvasculature (Beck et al.,
1984), human placenta (Fox and Kurpis, 1983), human brain (John
and Fox, 1985), rat kidney membranes (Wu and Churchill, 1985), rat
hippocampal membranes (Chin et al., 1985), and bovine atrial sar-
colemmal membranes (Michaelis et al., 1985), the data obtained from
these various studies are open to critique based on the low specific
activity (~ 12Ci/mmol or less), low affinity of binding and the phar-
macological profile as compared to other A, -selective radioligands.
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Whereas the possibility cannot be excluded that adenosine receptors
are being labeled, this ligand has been replaced in routine use with the
Né-substituted ligands, N°-cyclohexyladenosine (CHA; Bruns et al.,
1980) and R-N° phenylisopropyladenosine (R-PIA; Schwabe and
Trost, 1980).

Both ligands are selective for the A receptor subtype, have high
affinity and selectivity (Table 1) and their binding is usually measured
in the presence of ADA. Concomitantly, the Bruns-Daly-Snyder
group (Bruns et al., 1980), reported [PH]DPX (1,3-diethyl-8-phen-
ylxanthine; Fig. 2) as the first antagonist ligand for adenosine recep-
tors.

In general, therefore, the key to detecting specific, selective and
high-affinity binding of ligands to adenosine receptors was the use of
either adenosine analogs resistanttodegradation by ADA or xanthine
analogs that were potent and selective adenosine antagonists in tis-
sues that had been depleted of endogenous adenosine.

The next major breakthrough, again from Bruns and co-workers
(Bruns et al., 1986) was the use of the nonselective ligand, [PHINECA
(5'-N-ethylcarboxamidoadenosine; Fig. 1) in the presence of an A,
receptor blocking agent to specifically label A, receptors. Subse-
quently, [PH]XAC (xanthine amine congener) was developed as the
first high-affinity antagonist radioligand (Jacobson et al., 1986).

4. Agonist Radioligands

4.1. A, Selective Ligands

4.1.1.CHA

The binding of [PH]NS-cyclohexyladenosine (CHA; Fig.1) was
first described by Bruns et al. (1980). This ligand has become the
standard for defining the A, receptor and is approximately 300-600-
fold selective for this receptor (Bruns et al., 1986; Stone et al., 1988;
Jarvis et al., 1989a). ADA-pretreatment of tissues is essential to
define high-affinity specific binding. K, values varying between 0.4
and 6 nM have been reported in brain tissue (Bruns et al., 1980;
Marangos et al., 1983, Williams et al., 1986). Binding equilibrium is
reached in approximately 90 min at 23°C. Saturation analysis of CHA
binding, like that seen for 2-CADO, can reveal two binding sites with
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K, values of 0.4 and 4 nM (Marangos et al., 1983; Bruns, 1988). CHA
binding, like that for most adenosine agonist radioligands, is de-
creased by GTP and sodium, and enhanced by divalent cations
(Goodman et al., 1982). The effects of GTP and NaCl appear to in-
volve distinct mechanisms (Stiles, 1988).
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4.1.2.R-PIA

As noted by Bruns (1988), [’H]N®-R-phenylisopropyladenosine
(R-PIA) has nearly identical binding characteristics to CHA, being
A -receptor selective. Inrat brain membranes, this ligand binds to two
sites with K, values of 1.4 and 139 nM (Lohse et al., 1984). Under
some circumstances, the data obtained with this ligand can differ from
that seen with CHA, a fact that may be attributable to the presence of
an amphetamine moiety in the N° position. The S-diastereomer of
PIA is several times less active than the R-isomer, the magnitude of
delineation being dependent on the test paradigm measured. Highand
low affinity states of the A, receptor have been reported using [PH]R-
PIA (Green and Stiles, 1986).

413.CPA

Né-Cyclopentyladenosine (CPA; Fig. 1) is some 700-fold selec-
tive for the A, receptor (Bruns et al.,1986). [PH]CPA binds to A
receptors in rat brain membranes with a K, value of 0.5 nM (Williams
et al., 1986). Although minor differences in binding compared to
CHA were observed, notably the labeling of only half the number of
binding sites—a finding potentially indicative of preferential labeling
of a higher-affinity subtype of the A, receptor (Bruns, 1988)—this
ligand has not been extensively used.

4.14.HPIA

[*®TIN®-p-hydroxyphenylisopropyladenosine (HPIA; Fig. 1)
was the first iodinated radioligand for adenosine receptors (Munshi
and Baer, 1982; Schwabe et al., 1982). While the K, seen with
['PIJHPIA is about twice that seen with [*HJPIA (Schwabe et al.,
1982; Lohse et al., 1984), the B__ is 60% less. The higher specific
radioactivity of the jodinated ligand has permitted the labeling of A
receptors in heart, brain, and fat cells (Linden, 1984; Ukena et al.,
1984; Lohse et al., 1985; Lied et al., 1988).

4.15. ABA
[*BIIN°-(4-amino-3-iodobenzyl)adenosine (ABA; Fig. 1) was
introduced as an alternate ligand to HPIA because of problems with
nonspecific binding of the former ligand (Linden et al., 1985). ABA
had a K, of 2 nM in brain tissue and 11 nM in rat heart.
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4.1.6. S-ENBA
[PH]S-ENBA (1R,2S,4S-N¢-2-endo-norbornyladenosine; Fig.
1) is 4700-fold selective for the A receptor and binds to rat brain
membranes with a K, value of 0.3 nM (Trivedi et al., 1989). It has
been suggested as a substitute for CHA in peripheral tissues.

4.1.7. APNEA, AZBA, AHPIA, and AZPNEA

N®-(2-(4-Aminophenyl)ethyl)adenosine (APNEA; Fig. 1), N°-
(4-azidobenzyl)adenosine (AZBA; Fig.1), 2-azido-PIA (AHPIA;
Fig. 1), and N®-(2-(4-azidophenyl)ethyl)adenosine (AZPNEA; Fig. 1)
are jodinated ligands developed to photoaffinity label A, receptors
(Choca et al., 1985; Klotz et al., 1985; Stiles et al., 1985, 1986). All
four ligands are A, receptor selective with K, values of 1-2 nM and
can be used to covalently label the target receptor.

4.1.8. ADAC
N®-[4-[[[4-[[[(2-Aminoethyl)amino]carbonylmethyl]anilino]-
carbonyl]-methyl]phenyl]adenosine (ADAC, Fig. 1) is a functional-
ized congener with high affinity for A, receptors and has been deriva-
tized to obtain spectroscopic probes. [PHJADAC binds to rat and
bovine brain adenosine receptors with K -values of 1.4 and 0.34 nM,
respectively (Jacobson et al., 1987).

4.2. A, Selective Ligands

4.2.1. NECA

For many years, NECA (5'-N(-ethylcarboxaamidoadenossine)
(Fig. 1) was used in functional assays as an “A -selective™ ligand.
This adenosine analog is, in fact, nonselective (Bruns et al., 1986) and
has approximately equal affinity (~15 nM) for both A, and A, recep-
tors. Thus, effects seen with NECA, but not with CHA or R-PIA,
can be ascribed to A, receptor interactions. Effects examined solely
with NECA cannot be ascribed to A, receptor activation (Williams,
1987).

[P'H]NECA binding was found in liver (Schiitz et al., 1982),
uterus (Ronca-Testoni et al., 1984), platelets (Hiitteman et al., 1984),
and brain (Yeung and Green 1984). The demonstration of biphasic
binding curves for [’H]NECA in rat striatum suggested the presence
of A, and A, receptor binding components (Yeung and Green, 1984).
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N-ethylmaleimide (NEM), a sulfhydryl alkylating agent, was then
used to eliminate the A  binding component, leaving a PH]NECA
binding site with characteristics of an A, receptor. Subsequent
examination of the effects of NEM suggested that it might in fact be
modulating the pharmacological properties of the remaining binding
sites, causing an increase in their number (Bruns et al., 1986). Asa
result, Bruns et al. (1984) removed the A component of "HINECA
binding with a 50 nM concentration of the A -selective agonist,
CPA. Thus, inrat striatum in the presence of CPA, P"H]NECA can se-
lectively label A, receptors. This concentration of CPA appears
applicable to [PHJNECA binding in a variety of mammalian species
(Stone et al., 1988). The K, for NECA in the presence of CPA was
11-12 nM in rat striatum (Bruns et al., 1986). Four binding sites
for [*H] NECA could be identified by computer analysis in the
absence of CPA: a high-affinity A, site; a high-affinity A, site; a
low-affinity A, site, and a high-capacity “nonreceptor” site that had
been previously noted by Yeung and Green (1984). In the presence
of CPA, 67% of the specific binding of 4 nM [PH]NECA was esti-
mated to bind to the high-affinity site, termed A, and the remaining
33% to the lower-affinity A,, site. Examination of a series of adeno-
sine agonists and antagonists using [PHINECA binding to deter-
mine A, affinity and human fibroblast cyclic AMP accumulation as
an estimate of A,, affinity showed that most agonists were selective
for the “a” site, whereas antagonists were more effective at the
“b” site.

The “nonreceptor” site to which [PHJNECA binds is present in
several tissues (Hiitteman et al., 1984; Reddington et al., 1986; 1987).
This site is sensitive to MgCL, (Bruns et al., 1986; Stone et al., 1988)
and can be physically distinguished from the A, receptor present in
human platelets (Lohse et al., 1988) and bovine striatum (Barrington
et al., 1989b). The identity and physiological significance of this site
remains unknown.

4.2.2. CGS 21680
CGS 21680 (2-(p-(carboxyethyl)phenethylamino)-5'-N-ethyl-
carboxamidoadenosine; Fig.1) is a 2-substituted NECA derivative
that is 140-fold selective for the striatal A, receptor with an IC, value
of 22 nM (Hutchison et al., 1989). In rat brain membranes pretreated
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with ADA, [*'H]CGS 21680 had a K, value of 15 nM (Jarvis et al.,
1989a) and an apparent B__ of 375 fmol/mg protein. CPA had no
effect on the binding of [PH]CGS 21680. A correlation coefficient of
0.98 was obtained when the activity of a series of A,-selective ag-
onists and antagonists in the [PHJCGS 21680 assay was compared to
data obtained using [*H]JNECA in the presence of CPA. CGS 21680
is thus the first selective adenosine A, receptor ligand that can be used
without the need to chemically or pharmacologically block A, recep-
tor binding.
4.2.3. PAPA-APEC

1251.2-[4-[2-[2-[(4-aminophenyl)methylcarbonylamino]-
ethylaminocarbonyl]ethyl]phenyl]ethylamino ethylamino-5'-N-eth-
ylcarboxamidoadenosine (Fig. 1) is a derivative of CGS 21680 that is
greater than 500-fold selective for the A, receptor and that binds to this
receptor in bovine striatum with a K, value of 1.5 nM (Barrington et
al., 1989b). PAPA-APEC structurally contains a p-aminophenylace-
tyl (PAPA) moiety that serves as a prosthetic group for both radioiodi-
nation and crosslinking to the receptor. As with CGS 21680, CPA has
no effect on either the binding characteristics or pharmacology of
PAPA-APEC. The ligand can be used to photoaffinity label the A,
receptor in the presence of the crosslinking agent, SANPAH (Barring-
ton et al., 1989b), as described in section 9.

4.24. CV 1808
CV 1808 (2-(Phenylamino)adenosine) is arelatively weak, five-
fold A, selective adenosine receptor agonist (Bruns et al., 1986;
Hutchison et al., 1989). Tritiated CV 1808 binds to two sites in rat
brain membranes with K, values of 20 and 400 nM (Sills et al., 1990),
the latter of which is insensitive to adenosine agonists.

5. Antagonist Radioligands

Antagonist radioligands bind with high affinity to both agonist-
defined coupling states (which would have high and low affinity for
agonist) of a given receptor and are thus preferable (when available)
to agonist ligands (Bruns, 1988; Williams and Sills, 1989). Several
xanthine and one nonxanthine adenosine antagonist radioligands
have been developed.
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5.1. A, Selective Ligands

5.1.1. DPX
[*H] 1,3-Diethyl-8-phenylxanthine (DPX; Fig. 2) was the first
adenosine antagonist radioligand developed (Bruns et al.,1980).
Although initially described as binding to both A, and A, sites, exami-
nation of [PH]DPX binding in different species indicated that this
ligand was A, selective (Murphy and Snyder, 1982). The xanthine
had a K, of 68 nM at rat brain adenosine receptors.

5.1.2. PACPX

PACPX (1,3-dipropyl-8-(2-amino-4-chloro)xanthine; Fig. 2)
was originally described as the most potent and selective A, receptor
antagonist known (Bruns et al., 1983a), but unfortunately such activ-
ity was species dependent (Ferkany et al., 1986; Stone et al., 1988).
The use of this xanthine analog as a radioligand was limited by its high
lipophilicity. PACPX has been characterized as a noncompetitive
antagonist (Williams et al., 1987b).

5.1.3. Functionalized Xanthine Congeners (XAC,XCC)

By the functionalized congener approach (Jacobson et al., 1986)
insensitive sites on a receptor ligand are utilized for chemical deriva-
tization through chain attachment. The incorporation of distal func-
tional groups that are ionized at pH 7.4 led to 8-phenyl substituted
xanthines that lacked the inherent insolubility seen with other com-
pounds in this series. XAC (Xanthine amine congener or 1,3-dipro-
pyl-8-(4-(2-aminoethyl)aminocarbonylmethyloxyphenyl)xanthine;
Fig. 2) can be labeled to a specific activity of 120-140 Ci/mmol
(Jacobson et al., 1986). The compound had aK, of 1.2 nM in rat brain
and labeled approximately half as many sites as DPX, a more accurate
reflection of A, receptor labeling. High levels of filter binding be-
cause of hydrophobicity and the charged amine moiety could be
overcome by the use of PEI pretreated filters (Bruns et al., 1983b).
The pharmacology of binding was similar to that seen with CHA.
Whereas XAC has been reported as moderately A, selective, the
xanthine can also label A, receptors in platelets (Ukena et al., 1986)
with a K of 12 nM. XCC (Xanthine carboxylic acid congener or 1,3-
dipropyl-8-(4-carboxymethyloxy)phenylxanthine; Fig. 2) has also
been radiolabeled and appears to be an A,-selective ligand. (Jarvis et
al., 1987).
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5.14. PD 116,948 (CPX)

PD 116, 948 or 1,3-dipropyl-8-cyclopentylxanthine (CPX or
DPCPX; Fig. 2) is approximately 700-fold selective for the A, recep-
tor (Bruns et al., 1987a), the radiolabeled entity having a K, of 0.5 nM
(Lee and Reddington, 1986; Bruns et al., 1987a). The pharmacology
of binding was similar to that observed for CHA. [*'H]JCPX has also
been used to label A, receptors in cardiac myocyte cultures (Liang,
1989).

5.1.5. BW-A827

BW-A827['#1]-(1-propyl-3-[(4-amino-3-iodophenyl)ethyl]-8-
[p-(carboxymethyloxy)phenyl]xanthine) is an A, -selective ligand. It
binds to rat brain membranes with a K, of 1.25 nM (Linden et al.,
1988). The corresponding aryl azido derivative, BW-A947U (K, =
1.2 nM), has been used to photoaffinity label this receptor (Earl et al.,
1988).

5.1.6. PAPAXAC

PAPAXAC (p-aminophenylacetyl-XAC, Fig. 2) is a covalent
conjugate of the functionalized congener X AC and a prosthetic group
for radioiodination (conceptually similar to PAPA-APEC, above)
linkked through an amide bond. The I form of PAPAXAC is a high
affinity (K, =0.1-1 nM) radioligand with A, selectivity, which may
also be bound in an irreversible fashion upon addition of the pho-
toaffinity crosslinker SANPAH followed by irradiation (Stiles and
Jacobson, 1987) or via conversion of the amine to a photoreactive
azide (Barrington et al., 1989a).

5.1.7. m-DITC-XAC

The 1,3-phenylenediisothiocyanate derivative of XAC, m-
DITC-XAC, and its isomer p-DITC-XAGC, are high affinity A -selec-
tive antagonists that spontaneously form a covalent bond with a nu-
cleophilic group on the receptor protein. m-DITC-XAC has an IC,
value of 52 nM for irreversible inhibition and has been successfully
used in its tritiated form to radioactively label the A, receptor for direct
detection on an electrophoretic gel (Stiles and Jacobson, 1988).
These xanthines are unique site-specific irreversible inhibitors of
adenosine receptors that do not require an irradiation step.

5.1.8. BW-A844U

BW-A844U(3-[(4-amino)phenethyl]-8-cyclopentylxanthine,
Fig. 2) differs from BW-A827 in the presence of a cycloalkyl group
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rather than an aryl group at the 8-position, resulting in a higher affinity
(K, =0.23 nM in bovine brain membranes) at A, receptors. The
radioiodinated form has been converted to the corresponding azido
derivative (**I-azido-BW-A844U), which was used to photoaffinity
label the A, receptor (Patel et al., 1988b).

5.2. A,Selective Ligands

5.2.1. PD 115,199

PD 115, 199 is a sulfonamide congener of 1,3-dipropyl-8-phen-
ylxanthine that like XAC, bears a charged amino group resulting in
water-soluble xanthine adenosine antagonists (Hamilton etal., 1985).
PD 115,199 (Fig. 2) was found to be almost equiactive at A and A,
receptors with IC, values in the range of 15nM (Bruns et al., 1987b).
In the presence of 20 nM CPX, the A, selective xanthine [PH]PD
115,199 bound to striatal membranes with a K, value of 2.6 nM and
a pharmacology consistent with the labeling of an A, receptor. Thus,
[*H] PD 115,199 is the xanthine equivalent of [*H] NECA, selectively
labeling A, receptors when the A, component is selectively blocked.
As would be expected for an antagonist radioligand, agonists were
about five times less potent in displacing PD115,199, whereas an-
tagonists were three times more potent than comparable data obtained
using [PH]NECA in the presence of CPA. The stability of this xan-
thine radioligand, however, is poor.

5.2.2. CGS 15943

One of the first nonxanthine adenosine receptor antagonists
identified was CGS 8216 (Czernik et al., 1982), a triazolquinazoline
whose predominant activity was at the benzodiazepine receptor. Sub-
sequent SAR work on this novel heterocycle led to the identification
of CGS 15943 (Fig. 2), a novel and potent adenosine receptor antago-
nist with sevenfold selectivity for, and an IC,; of 3 nM at the A, re-
ceptor (Williams et al., 1987a). Labeling of this adenosine receptor
antagonist has been confounded by ligand instability. However, a K,
value of 4 nM for [’H] CGSS 15943 in rat cortical membranes has been
reported (Jarvis et al., 1988). Whereas binding curves for antagonists
were monophasic, those for agonists were biphasic. Like XAC, how-
ever, it appears that this ligand can also interact with A receptors.
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6. Species Differences

Like many receptor binding assays, those for adenosine have
been carried out in a variety of species with often conflicting data.
Although this may be ascribed to interexperimental variations, side by
side comparisons in different species have shown interspecies dif-
ferences in the potency of various adenosine ligands for the respective
binding sites (Murphy and Snyder, 1982; Bruns et al., 1983a;
Schwabe et al., 1985). These differences were especially marked for
the antagonists, PACPX being reported to have a K, value of 0.2 nM
in calf cortical membranes, but activity of 50 nM in guinea pig mem-
branes (Bruns et al., 1983). Thus the species chosen for binding can
markedly affect the data obtained.

In-depth evaluations of the binding of a series of adenosine
agonists and antagonists to A, (Ferkany et al., 1986) and A, (Stone et
al., 1988) receptors in six species allowed for a direct comparison of
these differences. At the A, receptor, using ["HJCHA, the number of
binding sites in cortical membranes from cow, rabbit, rat, mouse,
guinea pig, and human brain showed little variability (Ferkany et al.,
1986). Differences in receptor affinity were noted, however, with
bovine brain having a K, value for [’H] CHA binding (0.6 nM) 3-4x
greater than that in rat, rabbit, or mouse brain (K, values = 1-2 nM).
In human and guinea pig brain, K, values were 3.7 and 6.6 nM, respec-
tively. Evaluation of the pharmacology of [PHJCHA binding in the
six species showed that, in general, all agonists had approximately the
same rank order of activity within each species; R-PIA > CHA >
NECA >2-CADO > S-PIA. In bovine brain, S-PIA was more active
than NECA. Across species, the N°-substituted analogs were most
active in cow and least active in guinea pig. NECA was generally
equiactive across all species, whereas 2-CADO was more active in
guinea pig and human brain, and least active in cow brain. More
marked interspecies differences were seen for the xanthine antago-
nists. PACPX, the most active of these, had a K, value of 0.18 nM in
bovine brain and was some 390-fold less active in guinea pig (K, =71
nM). Within species, the differences in activities for theophylline and
four 8-substituted xanthines were variable. In all six species, PACPX
was the most active xanthine studied, with theophylline the least



34 Williams and Jacobson

active. Theophylline was 2000—to 5450-fold less active than PACPX
in cow, rabbit, rat, and mouse. In human brain, the ratio of K values
for theophylline and PACPX was 243, and in this difference in activ-
ity was 243 and in guinea pig, 82. Based on these data, it appeared that
the structure activity requirements of xanthines at the A, receptor was
highly species dependent.

A subsequent study of A, receptor differences between species
using [PH]NECA in the presence of 50 nM CPA (Stone et al., 1988)
indicated the existence of separate high- and low-affinity binding
sites. The high-affinity site had K, values between 3.2 nM (rabbit)
and 9.6 nM (human) and the lower affinity, 54 nM (rabbit) and
232 nM (human). Comparison of the pharmacological profiles of
the higher-affinity site showed a rank order of activity for agonists
of: NECA >2-CADO >R-PIA > CHA > CPA >>S-PIA. NECA was
equiactive in all species (IC,, = 11-19 nM). The N°-substituted
analogs (R- and S- PIA, CPA and CHA) showed a species varia-
tion of 1.6-4.6 fold. Asinthe A, studies, there were marked species
differences in the ability of xanthine adenosine receptor antagonists
to displace [°’H] NECA. In rabbit and human brain, PACPX had an
IC,, value of 14-15 nM. The activity was threefold less in calf brain
and 20-24-fold less in guinea pig, mouse, and rat. Similar species dif-
ferences were observed for the other xanthines studied. These side by
side comparisons of A, and A, receptor pharmacology in six different
mammalian species emphasize the need for caution in comparing
data obtained from different species. In addition, they raise concerns
as to the appropriate preclinical model for profiling new adenosine
ligands for use in humans.

7. Receptor Autoradiography

Using computer assisted densitometry, the technique of quanti-
tative autoradiography developed by Kuhar et al. (1985), has pro-
vided the means to localize both A, and A, receptors in intact tissue
sections. Initial studies using [’H] CHA to label the A, receptor
(Lewisetal., 1981; Goodman and Snyder, 1982; Lee and Reddington,
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1986) were essentially qualitative in nature. A, receptors were found
to be highly concentrated in the molecular level of the cerebellum and
the hippocampal CA-1 and CA-3 regions located on intrinsic pyrami-
dal cells (Onodera and Kogure, 1988). Moderate receptor densities
were observed in cerebral cortex, striatum, and thalamus with mini-
mal binding in the brainstem. Later studies using a more quantitative
approach (Snowhill and Williams, 1986) defined binding and phar-
macological parameters for CHA binding in seven rat brain regions.
Slight differences in binding affinity (K ) were noted with significant
differences in receptor density. Minimal differences in regional
pharmacology were noted for five agonist and two antagonist radio-
ligands. The rank order of activity for all seven brain regions was
CPA > R-PIA > NECA >> PACPX > 2-CADO > S-PIA >> DPX.
Comparison of [PHJCHA binding in the cerebellum of Weaver and
Reeler mice and in control vs unilaterally enucleated rats indicated
that A receptors were located on axon terminals of excitatory cells
(Goodman et al., 1983). The association of A, receptors with retinal
ganglion cells, apparently of the W type (Kocis et al., 1984; Braas et
al., 1987), is consistent with evidence for a retinocollicular pathway
in which adenosine is an important effector substance (Heller and
MclIlwain, 1973; Kostopoulos and Phillis, 1977).

The regional distribution of A, receptors in brain has received
limited attention again because of problems with available ligands.
Early studies with [PHINECA (Lee and Reddington, 1986) resulted in
the labeling of “nonreceptor” sites localized to the striatum, thalamus,
and cerebral cortex. More recently however, using the NECA binding
conditions developed by Bruns (Bruns et al., 1986), specific, high-
affinity (K, =9 nM) NECA binding sites were identified in rat stria-
tum and olfactory tubercule (Jarvis et al., 1989b). Evaluation of these
sites with five agonist and four antagonist ligands showed them to be
A, in nature. The resolution of the identity of the “nonreceptor” site
labeled by NECA has not been determined.

The xanthine carboxylic congener adenosine antagonist,
[*H]XCC, and the amine congener, [’H]XAC, have also been used to
label A, receptors in autoradiographic studies (Jarvis, 1988; Jarvis et
al., 1987; Deckert et al., 1988).
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8. Labeling
of Other Adenosine Recognition Sites

Nucleoside transport systems in endothelial and erythrocyte
membranes mediate removal of adenosine from the extracellular
space, thus terminating the actions of the nucleoside (Pearson and
Gordon, 1985; Geiger and Nagy, 1990; Stone et al., 1990).

Inhibition of adenosine transport systems can potentiate the
effects of adenosine and in some situations, a transport inhibitor and
a receptor agonist can appear similar in their physiological actions.
Dipyridamole, the coronary vasodilator, and CV 1808 have activity
at both the receptor and transporter site (Williams and Risley, 1980;
Taylor and Williams, 1982; Balwierczak et al., 1989).

Adenosine transport occurs by a number of facilitated diffusion
processes, some of which can be blocked by 6-thiopurine nucleosides
in the nanomolar range (Young and Jarvis, 1983; Jarvis, 1988). Both
[*H] nitrobenzylthioinosine (NBTI; NBMPR; Marangos et al., 1982)
and [*H]dipyridamole (Marangos et al., 1985) bind to adenosine
transporter sites. However, the binding properties of these two lig-
ands are different. [PH]NBI has a K, value of 0.25 nM in guinea pig
cortical membranes with an apparent B__ of 225 fmol/mg protein
(Marangos et al., 1987). Most adenosine receptor ligands are weak
inhibitors of transporter ligand binding (Table 2). Additionally, the
activity of R- and S-PIA are reversed (Clanachan et al., 1987). For
[*H]dipyridamole, the K ,and B__ values were 3.5 nM and 800 fmol/
mg protein, respectively. Thus dipyridamole labels four times as
many sites as NBI with a lower affinity. Marked species differences
in the binding of the two transporter ligands also exist (Verma and
Marangos, 1985; Hammond and Clanachan, 1985). On a regional
basis, [*H]dipyridamole binding in guinea pig brain correlates well
with that of [°H] CHA, showing some degree of overlap with
[PH]NBI binding. These data and the finding that NBI effects on
[*H]dipyridamole binding are biphasic in nature have led to the con-
clusion (Davies and Hambley, 1986; Marangos et al., 1987) that the
two ligands differentially label a heterogeneous population of adeno-
sine transporter sites.
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9. Characterization of Receptor Structure

Although the techniques of molecular biology have contributed
significantly to understanding receptor structure and function, per-
mitting the isolation, cloning, and expression of a variety of receptor
superfamilies, studies related to adenosine receptors have been con-
fined to molecular sizing of the A receptor following detergent solu-
bilization either through photoaffinity labeling (Stiles, 1985; Stiles et
al., 1985; Greenetal., 1986) or through target size analysis (Redding-
ton et al., 1987).

The A, receptor was reported to be unstable in its solubilized
form and rapidly lost binding activity once removed from the mem-
branes (Cooper, 1988; Helmke and Cooper, 1989). Although Mg
can stabilize the solubilized receptor (Klotz et al., 1985), the purifica-
tion of the receptor, together with a ligand, can facilitate stability. If
an agonist is used, the high-affinity form of the A, receptor that is as-
sociated with the G protein is favored. With the slowly dissociating
agonist, R-PIA, 89-90% of A receptors can be solubilized with deter-
gent. When the more rapidly dissociating endogenous ligand, adeno-
sine, is used, only 4-10% of the receptors are conserved (Yeung et al.,
1987). Cosolubilization with caffeine can also be used to stabilize
free A, receptors (those unassociated with a G protein [Helmke and
Cooper, 1989]). The potentially heterogeneous nature of the recep-
tors that are solubilized when adenosine concentration is used can ob-
viously influence the data obtained during subsequent molecular
sizing studies, as can the presence of receptors not associated with a
cyclase-linked G protein. _

Sedimentation analysis of detergent-solubilized A, receptors
gave aM_of 250,000 — >500,000 (Stiles, 1985; Martini et al., 1985;
Yeung et al., 1987), this value being dependent on the detergent con-
centration and micelle formation (Cooper, 1988).

Agonist and antagonist ligands that bind to adenosine receptors
irreversibly through a covalent complex have been used to character-
ize the receptor protein. Ligands containing a photolabile arylazide
group (e.g., AZPNEA, AZBA, AHPIA, BW-A947U, azido-
PAPAXAC, or azido-BW-A844U) or a ligand (e.g., APNEA,
PAPAXAC, or PAPA-APEC) containing an amino group that can be
derivatized by a heterobifunctional agent, such as SANPAH (V- suc-
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cinimidyl-6(4'-azido-2-nitrophenylamino)-hexanoate), provide a
means to covalently label the receptor. In the latter case of photo-
affinity crosslinking experiments, SANPAH has been used to acylate
an aryl amine present on an adenosine receptor-bound radioligand, by
virtue of its active ester (N-hydroxysuccinimide) moiety. Then a
second reaction, initiated by UV irradiation acting on the azido (N,
group at the distal end of the SANPAH molecule, leads to the forma-
tion of a covalent bond with the receptor protein. Similarly, the iso-
thiocyanate derivatives m- and p-DITC-XAC form a stable covalent
bond with the receptor protein, yet require neither the addition of a
crosslinking reagent nor irradiation. Thus, they are potentially of use
in organ and in vivo studies. The irreversible step in binding consists
of the reaction of a yet unidentified nucleophilic group at or near the
receptor binding site with the isothiocyanate (- N=C=S) group, which
acts as an acylating agent. When the photoaffinity or chemical affinity
ligand is radioactive, as in the case of APNEA, AZBA, AHPIA,
AZPNEA, PAPAXAC, BW-A947U, BW-A844U, m-DITC-XAC,
or p-DITC-XAC, receptor-ligand complexes solubilized in deter-
gents, such as CHAPS, can be analyzed by SDS-gel electrophoresis,
thus permitting a M_ determination of the receptor covalently linked
to the radioligand.

The A, receptor in cerebral cortex and adipocyte membranes has
an M _of between 34,000 and 38,000 (Choca et al., 1985; Green et al.,
1986; Klotz et al., 1985; Linden et al., 1985; Stiles et al., 1985,1986;
Lohse et al., 1986; Stiles and Jacobson, 1987,1988; Earl et al., 1988)
as determined by photoaffinity labeling. This M was obtained irre-
spective of whether an agonist or antagonist photoaffinity ligand was
used. Target size analysis of the A, receptor using high-energy irra-
diation inactivation gave an M, between 65,000 and 80,000 (Frame
et al., 1986; Reddington et al.,1987), approximately twice that seen
using photoaffinity labeling. Whether this form of the receptor rep-
resents a dimer remains to be determined (Reddington et al., 1987).
Evaluation of the binding of the photoaffinity probe ['*I]JAZBA in
several species gave essentially identical data (Patel and Linden,
1988), suggesting that although these receptors show pharmacol-
ogical differences (Murphy and Snyder, 1982; Schwabe et al., 1985;
Ferkany et al., 1986; Stone et al., 1988), these are not manifest at the
level of gel analysis.
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Examination of the carbohydrate content of A, receptors solu-
bilized from rat and hamster brain and fat cells showed a glycoprotein
component of M_of approximately 3000-4000 (Klotz and Lohse,
1986; Ramkumar et al., 1988) with terminal neuraminic acid residues
indicating the presence of a complex carbohydrate chain. Histidine
residues also appear to be important in defining the conformation of
the A, receptor (Klotz et al., 1988).

Electrophoresis gels of the radioactive products of photoaffinity
labeling using 'I-PAPA-APEC of detergent-solubilized A, recep-
tors from bovine striatum (Barrington et al., 1989b) showed that this
receptor was distinct from the A, receptor and had an M_of 45,000.
15].PAPA-APEC is an analog of NECA, which is known to label
“nonreceptor” sites. It appears that a minor “nonreceptor” site label-
ed by '“I-PAPA-APEC has a M, of 55,000.

Monoclonal antibodies to the A, receptor have been described
(Perez-Reyes et al., 1987), although these were found to also inhibit
binding of a dopamine D, receptor ligand.

Photoaffinity labeling of A, receptor in isolated fat cells using
['**IJAHPIA has also provided evidence to suggest the existence of
spare receptors (Lohse et al., 1986) as well as a persistent activation
of photolabeled receptors.

Barrington et al. (1989a) conducted photoaffinity labeling using
azido-derivatized agonists (AZPNEA) and antagonists (preformed
PAPAXAC-SANPAH and azido-PAPAXAC) in parallel followed
by peptide mapping. It was shown that both agonists and antagonists
incorporate into the same region of the receptor protein, but that the
agonist- and antagonist-occupied receptor conformations are differ-
ent.

Based on structure activity profiles for various agonist and an-
tagonist ligands in A, and A, receptor binding assays and functional
assays, attempts have been made to describe the structural regions
thought to be responsible for binding. Such models provide a basis for
further synthetic work and provide the framework for assessing the
binding conformation of the various nonxanthine adenosine antago-
nists that are being identified using receptor-based screening (Francis
et al., 1988; Daly et al., 1988; Peet et al., 1988; Williams, 1990b).
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Daly (1985), summarizing data available in 1985, described two
subdomains for agonist binding to the adenosine receptor, one bind-
ing the purine moiety and the other the ribose group. These domains
were proposed, based on earlier work by Bruns (Bruns, 1980, 1981),
to be oriented for the anti configuration of the purine nucleoside. 8-
bromoadenosine was cited as an instance of an adenosine analog that
is unstable in the anti configuration and lacks activity at adenosine
receptors. The ribose group is an important determinant of activity.
5'-substitutions can enhance activity, especially at the A, receptor, as
in the case of NECA. Activity of 5' carboxamides has been taken as
evidence of an “ethyl sized hydrophobic pocket” in the A, receptor.
When a nonhydrogen donor group is present at the 5' position, as in
the case of 5'-methylthioadenosine, efficacy is lost, resulting in an
antagonist ligand at the A, receptor. Groups larger than propyl de-
crease activity. Carbocyclic analogs such as aristeromycin, are also
active (Dunham and Vince, 1986; Chen et al., 1988). Alterations in
the 2'- and 3'-hydroxyl groups are, in general, unfavorable (Taylor et
al., 1986). Hydrogen bonding at the 2',3', and 5' positions appears im-
portant for receptor activation. Adenosine analogs modified in the 7,
8, and 9 positions have reduced or no activity at A receptors whereas
N¢-substituted analogs are potent A, receptor agonists. Of a series of
pyrazolopyrimidine ribosides, only 2-aza-adenosine retains full
agonist activity (Hamilton and Bristol, 1983). Certain 1-deazaad-
enosine analogs, such as the N®-cyclopentyl-2-chloro derivative, are
highly A selective (Cristalli et al., 1988). Numerous adenosine de-
rivatives modified only in the N®-position, such as CPA (N¢-cyclopen-
tyl), CHA (NS-cyclohexyl), and various bicycloalkyl derivatives
(Trivedietal., 1989), are potent A, agonists. A model involving four
hydrophobic aliphatic domains for the N°® group, termed S-1-S-4,
based on studies with 145 Né-substituted adenosine analogs, has been
developed by Olsson and coworkers (Kusachietal., 1985; Paton et al.,
1986). The S-1 region can accommodate three carbon atoms, the S-
2 region favors the R-configuration, and the S-3 region is of impor-
tance in defining the degree of A, activity seen with N°-substituted
adenosine analogs. Bridges et al. (1988) have identified an N°-
substituent, the 2-(3,5-dimethoxyphenyl)-2-(2-methylphenyl)ethyl
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group, that confers A, selectivity upon adenosine and its 5'-ethyl-uro-
namide derivatives. The S-4 region is a sterically constrained hydro-
gen bonding region. This model provided the basis for the design and
synthesis of S-ENBA, a subnanomolar A, agonist with 4700-fold se-
lectivity (Trivedi et al., 1989). The N°-stereoselectivity of the brain
A, receptor is, however, somewhat different from that of the coronary
receptor (Paton et al., 1986).

Using computer graphic modeling of 26 N°-substituted adeno-
sine analogs, Van Galen et al. (1989), have extended the Kusachi
model to identify five new subregions of the N¢ “pocket.” These are
termed C (cycloalkyl), B (bulk), and F1-F3, the “forbidden areas.”
Ligands showing favorable interactions with the latter “forbidden
areas” have reduced affinity for the A, receptor.

Studies in fibroblast A, receptors (Bruns et al., 1980) suggested
that there was a low degree of bulk tolerance at the 2-position of the
purine nucleus. Based on the activity of CV-1808 and 2-CADO in
brain binding assays, it appears that this requirement is not shared by
all A, receptors, the 2-phenethylamino substituted NECA analog
(Hutchison et al., 1989) and related structures (Hutchison et al., 1990)
being among the most potent A, selective agonists reported.

For antagonists, most of which are xanthine in structure, 8-
phenyl substitution decreases phosphodiesterase inhibitory activity
and increases adenosine receptor antagonism (Daly, 1985). Where-
as substitution at the 9 position completely eliminates receptor affin-
ity, 1, 3, and 7 substitutions can further improve or modify activity
withrespect to adenosine receptor interactions (Jacobson, 1988). The
majority of 1,3-dialkyl-8-phenylxanthines synthesized to date are A,
selective (Daly et al., 1985,1986b; Schwabe et al., 1985; Ukena et al.,
1986); however, several 7-substituted xanthines have weak albeit
extant A,-receptor selectivity (Daly et al., 1986a). By combining 7-
alkyl and 8-cycloalkyl modifications in xanthines, a higher degree of
A, selectivity may be achieved, as was shown recently for the 8-
cyclohexyl analog of caffeine (Shamim et al., 1989). In general, the
8-phenylxanthines have poor solubility, restricting their use as re-
search tools. The functionalized congeners, XCC and XAC (Jacob-
son, 1988), and the 8-phenylsulfonamide xanthine analogs, PD
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113,297 and 115,199 (Hamilton et al., 1985; Bruns et al., 1987a,c),
have improved solubility.

Members of diverse classes of nonxanthine heterocycles have
been shown to be adenosine receptor antagonists (Daly et al., 1988).
A series of triazolol[4,3-a]quinoxalinamines, triazoloquinazolines,
pyrazolol[4,3-d]pyrimidin-7-ones, and benzo[1.2-c:5,4-c'ldipyra-
zoles have been identified as adenosine receptor antagonists (Wil-
liams, 1990; Peet et al., 1988).

Comparisons between theophylline and adenosine suggest
(Bruns et al., 1986; Jacobson, 1988) that the xanthines and purines
bind in a diametrically opposed manner, since the purine C-4/C-5
dipole is rotated 180°. The N-7 position of theophylline may then
correspond to the N-9 binding region of adenosine. Inclusion of
caffeine in this hypothesis would then indicate that the 7-methyl
group would occupy a similar position to the ribose C-1. Further-
more, it can be proposed that the N region of the purine nucleus and
the 8-phenyl group on the xanthine nucleus occupy similar hydro-
phobic pockets. As previously noted (Williams, 1989), this model
does not account for the importance of the 7 position in conferring A,
selectivity nor for the steric interference seen between substituents at
the 7 and 8 positions.

Modeling of the triazoloquinazoline adenosine receptor antago-
nists has indicated that the furyl moiety of CGS 15943 can overlap the
phenyl group at position 8 of substituted xanthines (Francis et al.,
1988). The triazolopyrimidine portion of the triazoloquinazoline
nucleus may overlap the imidazopyrimidine portion of the xanthine
nucleus or, alternately, the benzene ring of CGS 15943, when over-
lapped with the 8-phenyl group of the 8-phenylxanthines, allows
the furyl group to assume a position adjacent to that of the xanthine
benzene ring. The 4 position of the triazoloquinazoline nucleus
can then be seen as proximal to the N-7 group on the xanthine. This
model might then account for the A, selectivity of CGS 15943
(Williams et al., 1987a) and DMPX (Ukena et al., 1986) in terms of
electron-donating substituents. A further discussion of the struc-
ture activity requirements of A, and A, receptors can be found in
Trivedi et al. (1990).
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10. Conclusions

Since the development of adenosine receptor binding assays in
1980, many different agonist and antagonist radioligands have been
developed, most of which are A -receptor selective. Only two selec-
tive A, receptor agonists have been reported, CGS 21680 and its
analog for radioiodination and photoaffinity crosslinking, PAPA-
APEC.

Using these radioligands, the majority of studies have been
carried out using various mammalian brain membranes because of the
high density of receptors in this tissue. This is somewhat paradoxical,
inasmuch as the role of adenosine in brain function is less well-de-
fined than the role of the purine nucleoside in heart, fat cell, platelet,
and kidney function. Studies in peripheral tissues have been limited
by the paucity of binding sites in these tissues. High specific radioac-
tivity-iodinated ligands have permitted characterization of receptors
in myocardium, lung, fat cells, platelets and kidney, but high non-
specific binding has tended to limit the signal-to-noise ratio and,
consequently, the reproducibility of the data obtained. This has been
compounded by the lipophilic nature of some of the ligands used.

Comparative data on the binding properties and pharmacologi-
cal profiles of the various ligands described are shown in Tables 1 and
2. Variations in the K, values, although present, are minor, irrespec-
tive of whether the ligand used is A, or A, selective or agonist/antago-
nist. [’H] R-PIA binding in canine myocardium (Lee et al., 1986) is
an exception (Table 1) and contrasts markedly with data obtained for
['5I] HPIA in bovine myocardium (Lohse et al., 1985). The density
of binding sites is more variable. For the A, receptor, [*H]S-ENBA
gives a density of approximately 160 fmol/mg protein (Trivedi et al.,
1989) whereas [*H]JCPX binding to solubilized adenosine receptors
has a B__ of 1168 fmol/mg protein (Helmke and Cooper, 1989).
Similarly, using A, selective ligands, ['*I] PAPA-APEC labels sites
with a density of 222 fmol/mg protein (Barrington et al., 1989b),
whereas the antagonist ligand, [PH]JCGS 15943A labels 1500 fmol/mg
protein. Although these data may reflect the ability of the various
ligands to label the free receptor (Perez-Reyes et al., 1987; Cooper,
1988), it is equally possible that the derived data reflect potential
interactions withreceptor subtypes. The pharmacology of the binding
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of those radioligands on which data are available is shown in Table 2.
Whether the differences observed reflect interexperimental variation
or receptor subtype selectivity cannot be determined at this time.
Similarly, the differences in receptor density noted with different
ligands (Table 1) might be suggestive of the existence of multiple
receptors, but they more probably reflect both species and interexperi-
mental variation.

The seminal work of Bruns (Bruns et al., 1986,1987b) using
[PH]NECA provided the framework for the description of A, and A,
receptors. These have been delineated on the basis of the effects of N°-
methyladenosin andCV1674 (2-(4-methyoxyphenyl) amino) adeno-
sine (Bruns et al., 1987b), CV 1674 being four-times more active that
N°-methyladenosine at the A, receptor and 50 times less active at the
A, receptor.

As more effort is expended in developing analogs of the various
stable adenosine agonists and in screening novel structures for poten-
tial adenosine receptor activity, the ability to delineate the structure
activity requirements for the receptor subtypes will permit the use of
computer-assisted molecular modeling to design new ligands. This
approach should be complemented with the cloning of both A and A,
receptors in the near future.

The two major challenges will be to discover agonists that are
neither purine nor riboside in nature and to seck selective ligands that
will permit the delineation of receptor subtypes.
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CHAPTER 3

Structure—-Activity
Relationships of Adenosine
A, and A, Receptors

Bharat K. Trivedi,
Alexander J. Bridges,
and Robert F. Bruns

1. Introduction

Philidor once said that pawns are the soul of chess. In a similar
way, it might be said that structure—activity relationships are the soul
of receptorology. Structure—activity relationships are used to define
receptors, to identify the selective agonists and antagonists that are
used as pharmacological tools to study the roles of receptors, and
ultimately to develop drugs that act via modulation of receptors.

A major advance in the adenosine receptor field was the obser-
vation that extracellular adenosine receptors could be divided into
two major subclasses, A and A, (van Calker et al., 1979; Londos et
al., 1980). A, and A, receptors were originally defined in terms of
their opposite effects on adenylate cyclase, with A, receptor activa-

Adenosine and Adenosine Receptors Editor: Michael Williams ©1990 The Humana Press Inc.
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tion causing inhibition and A, activation causing stimulation of the
enzyme. However, in light of later studies showing that some of the
responses to adenosine were independent of cyclic AMP (Dunwiddie
and Proctor, 1987; Scott and Dolphin, 1987), the subtypes have been
redefined on the basis of structure—activity relationships in order to
achieve greater universality (Hamprecht and van Calker, 1985).
Further refinements in these definitions have been proposed as new
compounds with greater selectivity have been discovered (Bruns et
al., 1987a; Ukena et al., 1987a). This chapter focuses on the efforts
to identify adenosine agonists and antagonists with greater selectivity
for the different subtypes of adenosine receptors.

Another development that has facilitated the study of adenosine
structure—activity relationships is the advent of binding assays for the
adenosine A, and A, receptors (Bruns et al., 1980; Schwabe and Trost,
1980; Williams and Risley, 1980; Yeung and Green, 1984; Bruns et
al., 1986). Compared to other in vitro or in vivo measures of recep-
tor affinity, binding assays have the advantage of being insensitive to
many confounding influences, including differences in intrinsic ac-
tivity, differences in pharmacokinetics, and the existence of extrane-
ous postreceptor effects, such as inhibition of adenylate cyclase via
the intracellular “P site.” The A, binding assay has been especially
helpful in the study of A /A, selectivity, because it allows A/A,
affinity ratios to be determined under almost identical experimental
paradigms in the same species and tissue (usually rat brain) (Moos et
al., 1985; Tayloretal., 1986; Kwatra et al., 1987). In order to achieve
the greatest degree of consistency in the comparison of different
compounds, the present chapter will attempt (whenever possible) to
use receptor binding affinities as the basis for structure-activity
comparisons. *

*For some compounds without published A, binding affinities, we have attempted to
infer approximate binding affinities from dog coronary artery potencies. After adjustment
of the dog data for albumin binding (Kusachi et al., 1985, 1986), a high correlation (72 =
0.74) is seen between A, binding affinity and dog flow activity (Bruns, R. F., unpublished
results) indicating that potency in the dog system is a reasonably valid predictor of A,
binding affinity.
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2. Modified Adenosine Analogs

2.1. N®-Alkyladenosines

The ability of N®-alkyl substituents to boost A, affinity and selec-
tivity in functional assays has been known for some time (Trost and
Stock, 1977). More recently, many N%-alkyladenosines have been
synthesized and evaluated in the A, receptor binding assay (Daly et
al., 1986a).! When the A, binding assay became available, it was
found that these compounds also strongly favored the A, receptor in
their binding profiles (Bruns et al., 1986).

The chain length in this series of compounds is critical for A, re-
ceptor affinity and selectivity. A three- or four-carbon chain exten-
sion is optimum for A, receptor interaction, giving a moderately A -
selective compound (compare compounds /-6, Table 1). Further ex-
tension of chain length diminishes the A, affinity and selectivity. The
Nt-isopropyl derivative 7 has considerably improved A selectivity
compared to the ethyl derivative 2 and slightly better selectivity than
the n-propyl 3, implying that a branched a-carbon may enhance A
selectivity. Interestingly, although incorporation of a heteroatom at
the terminus of long-chain alkyl groups lowers binding affinity at both
receptors (14-17), 2-hydroxypropyl or 3-hydroxypropy! substitution
maintains A, affinity while reducing A, affinity, resulting in highly
A -selective agents (9—11) (Bruns et al., 1986; Hamilton et al., 1987a).
This is also true for the 2,3-dihydroxypropyl derivatives (12 and 13).
Furthermore, the well-known stereochemical differences shown by
R-PIA and S-PIA (see compounds 46 and 47 below) are also demon-
strated by these short-chain hydroxyalkyl derivatives. The 2,3-dihy-
droxypropyl derivative having R stereochemistry at the N®-side chain

tFor maximum consistency, A, binding affinities from our own laboratories are given
in the tables even when values from other groups have been previously reported in the
literature (e.g., Daly et al., 1986a). Our A, affinities generally parallel those from the Daly
group quite closely (7 = 0.94).



Table 1

A and A, Binding Affinities of N°-Alkyladenosines*

HO

RNH

N
N~ N\
.

0

OH OH

Compound N®-substituent

Data
K,nM Ratio source*

Al A2 AZ/AI Al A2

Methyl

Ethyl
n-propyl
n-butyl
n-pentyl
n-hexyl
1-methylethyl
2-aminoethyl

L
SO CONAWU N W~

propyl

13 (8)-2,3-dihydroxy-

propyl
14 4-aminobutyl

(R)-2-hydroxypropyl
(S)-2-hydroxypropyl
11 3-hydroxypropyl

12 (R)-2,3-dihydroxy-

360 4500 125 <« -
15.9 1180 74 * 4
24 1050 430 * *
1.9 - - A
15.1 480 32 k h
66 770 116 * &
24 1430 600 * A
144 15600 108 * &
133 10200 760 ! !
50 9300 1870 ' !

70 4900 700
4.4 7300 1640 * *

26 13,200 500 * &
155 2300 147 *» &

60 (continued)
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Compound N°-substituent A A, AJA A A
15 5-aminopentyl 38 1060 28 &k
16 5-hydroxypentyl 76 2700 35 k4
17 6-hydroxyhexyl 72 2400 34 bk

*Binding affinities were determined using PH]JCHA in rat whole brain mem-
branes (A, ) (Bruns et al., 1980, 1986; Daly et al., 1986a) and PH]NECA in rat stri-
atal membranes in the presence of 50 nM N°-cyclopentyladenosine (A,) (Bruns et
al,, 1986). Sources of affinity data are listed below: “Bridges et al., 1987; ®Bristol
etal., 1988; ‘Bruns and Coughenour, 1987; “Bruns and Hamilton, 1987; ‘Brunsetal.,
1986;/Bruns et al., 1987b; £Bruns et al., 1987c; *unpublished data using the method
of Bruns et al. (1986); ‘Cristalli et al., 1985; /Daly et al., 1986a; *Daly et al., 1986b;
'Hamilton et al., 1987a; "Hamilton et al., 1987b; "Jacobson et al., 1985a; “Jacobson
etal., 1985b; ?Jacobson et al., 1985c.

*An approximate A, binding affinity was calculated by regression analysis from
dog coronary artery data (Kusachi et al., 1985, 1986) after adjustment for albumin
binding (Bruns, R. F., manuscript in preparation); "Kwatra et al., 1987; *Moos et al.,
1985; ‘Taylor et al., 1986; *“Trivedi et al., 1988a; *Trivedi and Bruns, 1988; *Ukena
etal., 1986a; *Ukena et al., 1986b; Ukena et al., 1987b; “Williams et al., 1987.

is about six times as potent and three times as selective for the A, re-
ceptor as its S counterpart. The rationale for such significant differ-
ences in binding affinities has been incorporated by Kusachi et al.
(1985) into a model in which affinity is controlled by stereospecific
interactions between the alkyl group and a hydrophobic site on the re-
ceptor. The stereoselectivity of the dihydroxypropyl derivatives 12
and 13 suggests that asymmetric hydrophilic binding sites may also
exist.

2.2. N®-Cycloalkyladenosines

Unlike the N®-alkyl derivatives of adenosines, the N®-cycloalkyl-
adenosines are conformationally rather rigid molecules. However,
like the straight-chain alkyl derivatives, they are generally highly se-
lective for the A, receptor (Trost and Stock, 1977; Moos et al., 1985).
Among the simple N°-cycloalkyladenosines, Né-cyclopentyladeno-
sine (CPA, 20, Table 2) has been reported to be the most potent and
A -selective agonist, with K, values of 0.59 and 460 nM for the A, and
A, receptors, respectively (Moos et al., 1985).



Table 2
A, and A, Binding Affinities of N*-Cycloalkyladenosines

OH OH

A A
D

Data

K, nM Ratio source*

Compound  N°-substituent A A, AJA A A
18 Cyclopropyl 3.2 1240 39 ¢ °
19 Cyclobutyl 079 260 330 < -
20 Cyclopentyl 059 460 780 *+ -
21 Cyclohexyl 1.31 360 277 <+ ¢
22 Cycloheptyl 280 1700 610 ¢ -
23 Cyclooctyl 40 2400 610 ¢ =
24 2-endo-norbornyl 042 750 1790 *»
25 2-exo-norbornyl 091 970 1070 * *
26 1-adamantyl 290 87,000 300 * A
27 2-adamantyl 142 40,000 280 * *

*Data sources are listed in Table 1.
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Recently, several N®-bicycloalkyladenosines have been identi-
fied as potent A, receptor agonists (Daly et al., 1986a, Paton et al.,
1986). These compounds (which are essentially bridged derivatives
of CPA or CHA) are extremely selective for the A, receptor. The N°-
(2-endo-norbornyl) derivative (24) is twice as potent as the exo isomer
(25) and is 1800-fold selective for the A, receptor. When the size of
the bicyclic ring structure is increased, as in the N®-adamantyladeno-
sines 26 and 27, the affinity at both receptors diminishes significantly.

2.3. N¢-Aryladenosines

The aryl-containing side chains are the most studied class of N°-
substituents. Until recently, all of the examples reported were highly
A -selective agonists, supporting the premise that the N°-binding
region could only be used to enhance binding to the A, receptor. How-
ever, as we shall discuss shortly, suitably placed N°-aryl groups can
greatly augment binding to the A, receptor, and even lead to agonists
with greater A, selectivity and receptor affinity than previously avail-
able agents.

2.3.1. A, Receptor Selective Agents

N5-Phenyladenosine (28 ) is a potent, highly A -selective agonist
(A, K, 4.6 nM, 144-fold selective; Table 3), presumably through the
binding of the aryl ring to the same hydrophobic region as the alkyl
substituents. Simple substituents do not change A, affinity very
much, generally leading to slightly lower affinity (29-31, Kwatra et
al., 1987). However, substitution with m-hydroxy or m-iodo also re-
duces A, affinity, resulting in compounds with over 600-fold A, se-
lectivity, equaling CPA.

The “functionalized congener” approach (Jacobson et al.,
1985a,b), whereby the para position of phenyl ring of 28 is linked
through large spacers to biomolecules, such as amino acids or biotin
(32-34), demonstrates the steric tolerance of the A hydrophobic
binding region. In addition, as some of these compounds have
stronger A, affinity than 28, they appear to imply the existence of
another binding region further out from the nitrogen. The most potent
congener (33) has a positively charged amino function at physiologi-
cal pH and is about four times as potent as 28, suggesting the possible
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existence of a negatively charged site distal to N® on the receptor. A
distal hydrophobic site may also contribute to the affinities of 32—-34.

Although N®-benzyladenosine 35 itself is a weak, balanced
agonist (A, K, 120 nM, A, K, 280 nM), it has more varied struc-
ture—activity relationships than 28, and exhibits several of the trends
that are also seen with the 2-phenylethyl substituent. Simple aryl sub-
stitutions at the ortho and meta positions usually improve A, affinity
moderately (36 and 37), whereas substitution of the para posmon usu-
ally hasless effect. Anexception is the phenyl substituent, which pro-
duces 38 with 8 nM A affinity, again suggesting the existence of a
distant binding site. A more dramatic effect can be seen with alkyl
substitution of the methylene spacer. Interestingly, there is a strong
stereoisomer effect with N°-[(R)-1-phenethyl]adenosine 39 X, 5.5
nM) being considerably more potent than 35, whereas the S-isomer 40
(K, 189 nM) has attenuated binding compared to 35. Dimethyl substi-
tution of the methylene spacer decreases binding drastically (41).
Substitution of 2-pyridyl for phenyl has little effect, whereas 2-thienyl
or 1-naphthyl substitution improves A affinity (42-44) (however, the
1-naphthyl substitution increases A, affinity to an even greater extent,
as discussed later).

Although N°-(2-phenethyl)adenosine 45 has only moderately
strong A, affinity and selectivity (K; 12.7 nM, 13-fold selectivity), it
is probably the most intensely studied of all adenosine modifications
because of the fact that suitable substitution can resultin A affinities
ranging from 0.26 nM to over 1 uM. This entire 4000-fold range of
A, affinities can be achieved by substitution of the ethyl chain, sug-
gesting that groups at this position interact intimately with the N® do-
main of the receptor. Alkyl substitution of the ethyl chain has been
examined in great detail (Daly et al., 1986a), and the results have been
used to construct a detailed model of the A receptor N® binding
region.

Alkyl substitution at the a-position (i.e., next to the N® nitrogen)
has effects that are similar to, but greater than, those seen in the benzyl
series. Addition of amethyl group in the R configuration results in the
potent A, reference agonist R-PIA (46), with a K of 1.17 nM, whereas
the S-isomer is considerably weaker (S-PIA, 47), with a K, of 49 nM.
It should be noted that the phenyl moiety of R-PIA contributes very
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little to A, affinity, as the simple N®-isopropyl derivative 7 retains half
the affinity of 46. 1,1-Dimethyl substitution gives 48, which is inter-
mediate between the PIAs in affinity (28 nM, contrast to the 600 nM
affinity of the 1,1-dimethylbenzyl derivative 41). R-Ethyl substitu-
tion at the a-position gives 49, which with A, affinity of 0.26 nM is the
most potent A, agonist reported, whereas the S-isomer 50 (K, 13 nM)
is quite similar to45 in affinity. Similar trends occur at the b-position.
Methyl substitution improves the A affinity with the R-isomer 51
being as potent as R-PIA, and the S-isomer 52 having 3.5 nM affinity,
whereas the B, B-dimethyl compound 53 is similar in potency to the
parent compound 45. RS-Ethyl modification at the B-position (54)
also gives a potent agonist (3.5 nM), but methoxy substitution reduces
binding moderately in both stereoisomers (55 and 56), more than a
cyclohexyl substituent (57). Hydroxy substitution of R-PIA at either
the B-position or the R-methyl group diminishes binding two- to five-
fold (58 and 59), but hydroxy modification of both positions nearly
destroys receptor affinity (60). Incorporation of the ethyl link into a
three-membered ring has little effect on affinity for either trans dias-
tereomer (6 and 62), suggesting an extended conformation for the 2-
phenylethyl substituent on the receptor. However, an extended con-
formation is not essential for affinity, since the cis and trans 1,2-
cyclohexyl isomers 63 and 64 also have similar affinities; this may
reflect a binding mode similar to N-cyclohexyladenosine. Substitu-
tion on the phenyl ring has very little effect generally, but can lead to
aloss in A affinity of up to tenfold (Daly et al., 1986a). Similarly,
replacement of phenyl with other aromatic rings generally leads to
small losses of affinity (Daly et al., 1986a), although the 2-naphthyl
substituent (66) leads to an agonist with 1.13 nM A affinity.

Longer side chains have been briefly examined. The 3-phenyl-
propyl compound 67 has 23 nM affinity, and methyl substitution next
to the nitrogen leads to the same stereochemical effects as earlier in
the series, but in a more attenuated form (68 and 69). The A, selectiv-
ity of 68 is high (estimated at 1000-fold from dog coronary data), per-
haps because of binding of the phenyl moiety to a distal hydrophobic
domain specific to the A, receptor (compounds 38 and 66 may also in-
teract with this binding site). The 4-phenylbutyl compound 70 has
15.9 nM affinity.
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Diaryl side chains have also been examined (Daly et al., 1986a;
Bridges et al., 1987). N°-(Diphenylmethyl) adenosine (71) is weak,
with a K, value of 480 nM, and the RS-1,2-diphenylethyl compound
72 is also weak, with 156 nM A affinity. This strong loss of affinity
seems to be associated with phenyl substitution in the a-position,
since N%-(2,2-diphenylethyl) adenosine (73, CI-936) has 6.8 nM affin-
ity, tt :2,3-diphenylpropyl analog 74 has 8.5 nM affinity, and the 2-
pheny!l-1-(phenylmethyl)ethyl compound 75 has 14.3 nM affinity, all
comparable to 2-phenylethyl (45). However, the 3,3- and 4,4-di-
phenylalkyl compounds 76 and 77 are rather weaker than their mono-
phenyl analogs, although binding does return to some extent with the
5,5-diphenylpentyl side chain 78 (83 nM A affinity). The 2,2,2-tri-
phenylethyl analog 79 has essentially no receptor affinity.

The 2,2-diarylethyl side chain has been studied extensively
(Bristol et al., 1988; Bridges et al., 1988). Extension of the chain is
moderately deleterious to A affinity, as are most ortho and para sub-
stituents. Mera halogenation improves the A, affinity to below 2 nM
(80and 81), and replacement of a phenyl with 2-furanyl also improves
binding (82). The combination 83, with K, value of 1.16 nM, is as
potent as R-PIA.

2.3.2. A, Receptor Selective Agents

N°-Phenyladenosine (28) has rather poor A, affinity (K, 660 nM),
which is not improved significantly by substitution (Kwatra et al.,
1987). The benzyl derivative 35 has slightly better affinity (K, 280
nM), and again ring substituents can have minor effects. Methyl sub-
stitution at the benzylic methylene has a deleterious effect (39and 40),
with the S isomer considerably weaker than the R isomer and the
dimethyl compound 41 too weak to measure. Changing the aromatic
ring has a major effect. The heteroaromatics 42 and 43 are much
weaker, but the 1-naphthylmethyl analog 44 (Jahn, 1969; Kusachi et
al., 1986; Trivedi et al., 1988a) is a very potent agonist (K 9.3 nM),
with 2.6-fold selectivity for the A, receptor, making it the most potent
of the “first-generation” A,-selective agonists.

N°-(2-phenylethyl)adenosine (45) has moderate A, affinity (K,
161 nM). R-PIA (46) has slightly improved affinity compared to 45,
whereas S-PIA 47 is markedly weaker, and the o,0-dimethyl analog
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48 is weaker yet. Surprisingly, the R-ethyl isomer 49 appears to be
rather potent. Although an actual A, binding affinity is not yet avail-
able, the molar potency ratio of 49 in the dog coronary artery (Kusachi
et al., 1985) appears to imply an A, binding affinity of about 13 nM.
However, 49 has high affinity at the A, receptor (K, 0.26 nM; Daly et
al., 1986a) and, therefore, is not A,-selective. The S isomer 50 s five
times as active as S-PIA. Alkyl substitution at the B-position of the
ethyl chain has little effect, except for the B-ethyl compound 54,
which again appears to be rather more potent. It seems likely that the
B-ethyl group of 54 may bind to the same receptor domain as the
second phenyl of N°-(2,2-diphenylethyl)adenosine (73), since both
compounds have enhanced A, affinity compared to the parent 45.
Compound 54 has about 10-fold A -selectivity.

The B-cyclohexyl compound 57 (A, K, 158 nM) is of similar
affinity to45. Incorporation of the ethyl chain into a three-membered
ring diminishes the affinity considerably (61 and 62). Aromatic sub-
stituents and heteroaromatic rings have modest effects on binding
affinity, ranging from twofold enhancement to about fivefold diminu-
tion, (Daly et al., 1986a). Extension of the alkyl chain of 45 leads to
arapid falloff in A, affinity, as illustrated by compounds 67 and 70.

In the diarylalkyl series two compounds, the 2,2-diphenylethyl
(Kusachi et al., 1986; Bridges et al., 1987) and 2,3-diphenylpropyl
derivatives (73 and 74), have good A, affinity, with 25 and 20 nM
affinity, respectively. Meta substitution of the aromatic ring(s) of 73
improves the A, affinity of agonists considerably with several ago-
nists possessing about 6 nM A, affinity, while retaining around three-
fold A, selectivity. The interesting agonist 84 has m-chloro substitu-
ents in both rings, and is a very potent balanced agonist, with A, and
A, affinities of 2.8 and 6.0 nM, respectively. Good A, affinity is also
obtained with a series of disubstituted phenyl compounds 85-89, but
the major interest of these compounds is that the disubstituted ring is
poorly tolerated by the A, receptor, making them all A,-selective, with
88 being as A -selective as CV-1808 (106), but 19 times as potent
(Bristol et al., 1988). Compound 89 is the most A, -selective (13.5-
fold) of the disubstituted derivatives.

Another very potent A, agonist is N°-(9H-fluoren-9-ylmethyl)
adenosine (90) (Trivedi et al., 1988a). This balanced agonist (A,5.2
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nM, A, 4.9 nM) can be considered a cyclized derivative of CI-936 (73)
(see structures in Table 3). However, whereas in 73 the two phenyl
rings are highly skewed, in 90 the tricyclic structure is flat and the two
phenyl rings are coplanar. In this sense, 90 is similar to the N°-(1-
naphthylmethyl) derivative 44, although the two phenyl rings of 90
are somewhat more distant from N®. Like 90, 44 is a very potent A,
agonist. A very informative compound that is closely related to both
44 and 90 is N°®-(9-anthracenylmethyl) adenosine (91), which is vir-
tually inactive at both receptors (A, 9000 nM, A, 29,000 nM).
Compound 91 differs from 44 in possessing an additional fused
phenyl ring, which presumably projects into a portion of space that is
already occupied by the receptor. Compounds 90 and 9! differ mainly
in the angle between the planar polycyclic aromatic hydrocarbon and
the methylene bridge, implying that this angle is important for A,
affinity.

2.4. N°-Benzocycloalkyladenosines

Although many N®-alkyl, cycloalkyl, aryl, and arylalkyl adeno-
sines have been studied for their ability to interact at the adenosine A,
receptor, there are only a few examples of N°-benzocycloalkyl adeno-
sines reported in the literature (Kusachi et al., 1986). We have synthe-
sized and evaluated several benzocycloalkyl adenosines for their
affinities at both A and A, receptors (Trivedi et al., 1988b) (Table 4).
Several key features of these molecules appear to be important for A,
receptor affinity and selectivity. Compounds such as N°®-[(R)-1-
indanyl]Jadenosine (92) and N®-[(R)-1-tetralinyl]adenosine (96) show
moderate A, affinity and selectivity, with K values of 22 nM and 23
nM, respectively. The regioisomeric compounds N¢-(2-indanyl)-
adenosine (94) and N°-(2-tetralinyl)adenosine (98) show similar A
potencies (K values 24 and 8.4 nM, respectively) but greater selectiv-
ity for the A, receptor. Furthermore, the higher homologs of these
derivatives are not only very potent at the A, receptor, but also at the
A, receptor (95, 99). One can postulate from this series and other
aralkyl series that the phenethyl substituted derivatives that are selec-
tive for the A, receptor (e.g., 46, 94, 98) achieve this selectivity be-
cause of favorable interactions from the alkyl side chain at the A
receptor combined with deleterious effects at the A, receptor resulting
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Table 4
A, and A, Binding Affinities of N°-Benzocycloalkyladenosines

Ry H
N
NZ
| N
B
Ho— O
OH OH
R
H
92 93 94
96 97 98
Data
K, nM Ratio source*
Compound  N°®-substituent A A, AJA A A,
92 (R)-1-indanyl 22 410 18.6 * *
93 (8)-1-indanyl 310 23,000 74 » *
94 2-indanyl 24 1640 69 * *
95 (RS)-1-indanylmethyl 52 67 129 * *
96 (R)-1-tetralinyl 23 163 7.1 * *
97 (5)-1-tetralinyl 300 4000 133 * *
98 2-tetralinyl 8.4 340 40 h k
99 (RS)-1-tetralinyl-
methyl 17.2 92 53 k&

*Data sources are listed in Table 1.
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from the branching at the a-carbon. Adenosine derivatives in which
the phenyl is two carbon atoms away from the N® nitrogen without
branching (the simplest example being 45) exhibit significant potency
atboth A, and A, receptors. Additionally, as previously illustrated by
R-PIA and S-PIA, these N®-benzocycloalkyl adenosines also indicate
that both receptors interact with the N® region in a stereospecific
manner. Thus, N5-[(R)-1-indanyl]adenosine (92) is more potent than
the corresponding S isomer (93) at both receptors.

2.5. Model of the N®-Domain

The structure—activity relationships described above suggest
that there are two separate binding regions at N® controlling adenosine
receptor potency: a close-in site at which such compounds as CPA
bind to the receptor via hydrophobic interactions from the methylene
groups, and a more distal site (or sites) at which such compounds as
R-PIA bind to the receptor via hydrophobic interactions from the aryl
function. Occupation of the aryl-binding region seems to be more
necessary for A, affinity than for A, affinity (see Bridges et al., 1987,
alsocompare compounds 7 and 46), whereas the reverse is the case for
the alkyl site, explaining in part why the N°-alkyl- and N°-cycloalkyl-
adenosines tend to be highly A -selective, whereas N°®-aryl derivatives
tend to have better affinity and selectivity for the A, receptor. These
stereo- and regiochemical differences are the basis of the N®-domain
model of Olsson and colleagues (Kusachi et al., 1985, 1986; Daly et
al., 1986a).

3. 2-Substituted Adenosine Analogs

Although large numbers of C2-substituted adenosines have been
synthesized, very few have been evaluated for their binding affinities
at A, and A, receptors. This series definitely bears further examina-
tion in the future, as demonstrated by the fact that one member, CV-
1808, until recently was the most A,,-selective agonist known (Bruns
etal., 1986). CV-1808 [2-(phenylamino)adenosine, 106] is the proto-
type of an extensive group of 2-(arylamino)adenosines synthesized as
selective coronary vasodilators (Marumoto et al., 1975, 1985). CV-
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1808 itself has moderate affinity in A, binding (K| 116 nM) (Table 5),
but because of its poor A, affinity (K, 600 nM) possesses fivefold sel-
ectivity for the A, receptor (Bruns et al., 1986). Other derivatives with
bulky 2-substituents (for example, 105, CV-1674) also show A, selec-
tivity, suggesting that the 2-position domain of the high affinity A,
receptor has greater bulk tolerance than that of the A, receptor. Ein-
stein et al. (1972) also noted that agonists with bulky 2-position sub-
stituents showed selectivity for stimulation of coronary flow (later
shown to be an A, response) over inhibition of cardiac contractility
(later shown to be an A response). Interestingly, a low affinity sub-
type of A, receptor also has been proposed to exist (Daly et al., 1983),
and this receptor apparently has almost no measurable affinity for
bulky 2-position derivatives, such as /05 (for a discussion, see Bruns
et al., 1986, 1987a).

In an attempt to evaluate the significance of the anilino function,
corresponding C2-phenylthio (Trivedi, 1988) and C2-benzyl adeno-
sines (102-104) were synthesized. The latter compounds bound
rather weakly at both receptors. These results suggest that, for high
affinity at the A, receptor, there must be a binding site near the C2
position that requires a moderately acidic proton (i.e., NH-). The ex-
act orientation of the phenyl ring may also be important.

Compounds with small groups at the 2-position (100 and 101)
tend to be balanced agonists. 2-Chloroadenosine is probably a good
substitute for adenosine when a metabolically stable agonist with the
same A, /A, balance is needed (Bruns et al., 1986). More recently, the
2-substituted NECA analog, CGS 21680 has been reported as 140-
fold selective for the A, receptor (Hutchison et al., 1989).

4. C2, N*-Disubstituted Adenosine Analogs

To explore the interactions between C2 and NS-substitution,
various C2, Né-disubstituted adenosines were synthesized (Trivedi,
1988). Most of these compounds had lower binding affinities than
the parent N® derivatives at both receptors (Table 5). These results
suggest that there is a less than additive interaction between C2 and
NS substitution.
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5. 5'-Modified Adenosine Analogs

There are two major classes of 5'-modified adenosines, the
hydroxy replacements, in which the 5'-hydroxyl group has been
replaced with a group such as hydrogen, halogen, or thiol, and the
uronic acid derivatives, where the 5'-hydroxymethyl group has been
oxidized to an acid. 5'-Chloro-5'-deoxyadenosine (114)has A and A,
binding affinities of 19.5 and 151 nM (Table 6), which are probably
close to those of adenosine itself (Bruns et al., 1986). The 5'-iodo
derivative 115 is over fourfold weaker at both receptors, and 5'-
methylthioadenosine (116) is twice as weak as 115 (280 and 1100
nM). 5'-Deoxyadenosine (/17) has micromolar, relatively balanced
affinity (1470 and 2600 nM).

Adenosine-5'-uronic acid 118 is an extremely weak agonist
(mostlikely because of its charge at neutral pH), but the ethyl ester 119
is moderately potent (A, 174 nM, A, 390 nM) with strong biological
activity (Prasad et al., 1976). Compound 779 has been tested in
humans as a potential antianginal therapy (Irshad et al., 1977). Affin-
ity is greatly enhanced by substituting an amide function for the ester
in 119 (Prasad et al., 1980). The simple uronamide /20 is over twice
as potent as 179 at both receptors. The N-methyl derivative 121 is of
similar affinity, but seems to have slightly better A, selectivity than
other members of the series (A, 84 nM, A, 67 nM, ratio 0.8). The
optimum for A, and A, affinity occurs with the N-ethyl derivative 122,
which is the balanced agonist NECA (A, 6.3nM, A, 10.3 nM). NECA
isused in the A, binding assay, and is widely used by pharmacologists
as areference agonist, especially to identify A -mediated effects. Its
extraordinary potency in many in vivo tests is not a simple reflection
of its binding, since many N°-modified agonists have similar or
greater affinity at both receptors, but exhibit less in vivo activity. The
high in vivo potency of NECA may be attributable to its much greater
hydrophilicity compared to most other adenosine analogs. The N-
cyclopropyl analog 123 is almost as potent as NECA, but with larger
alkyl groups, the binding affinity and biological potency fall off
rapidly, as illustrated by the N-cyclohexyl analog 124 (K values 640
and 4300nM). The work of Prasad and colleagues (Prasad et al., 1976,
1980) has established that there is a binding site at the 5'-position that
is optimally filled by an ethyl or cyclopropyl group.
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6. N°,5'-Disubstituted Adenosine Analogs

Doubly modified adenosines have been made largely in attempts
to enhance the binding selectivity or biological potency of Né-substi-
tuted agonists. In this section, we will survey two series of adenosines
modified at both C5 and N® that illustrate the two major trends that
have been observed to date. Several of the adenosines with 5'-hy-
droxyl replacements have A, receptor affinities similar to, or some-
what weaker than, those of the parent N8-substituted adenosines, but
the A, affinities are considerably decreased, resulting in improved
A, selectivity. 5'-N-Ethyluronamides have essentially the same A af-
finity as the parent N°-substituted adenosine, but in some cases have
enhanced A, affinity. Thus, 5'-hydroxyl-replaced compounds have
been made to enhance the A, selectivity of agonists, and 5'-uron-
amides have been made in the search for A -selective agonists.

The enhancement of A, selectivity by 5'-chloro substitution was
first reported for 5'-chloro-5'-deoxy-R-PIA (125), which had 1000-
fold A, selectivity, compared to 100-fold for the parent R-PIA (Taylor
etal,, 1986). The 10-fold boostin A selectivity was the resultofa 10-
fold worsening in A, affinity, coupled with an unchanged A  affinity.
The selectivity-enhancing effects of 5'-halogenation extend to even
more selective N®-derivatives. N°-Cyclopentyladenosine (CPA) 20
has 0.59 nM A affinity and is 780-fold A -selective. 5'-Chloro-5'-
deoxy-CPA 126 is almost as potent an A agonist (K, 0.71 nM), butis
over three times as A, selective as CPA. 5'-Bromo-5'-deoxy-CPA 127
is over 5000-fold A, selective, but its A, affinity falls off to 3.7 nM.
The 5'-deoxy and 5'-azido analogs 128 and /29 are also potent and
more selective than CPA, whereas the 5'-methylthio analog 130 is
about equal to CPA in selectivity. The most potent compound in this
series is 131, the 5'-chloro-5'-deoxy analog of the extremely A -
selective N®-(2-endo-norbornyl)adenosine (24). Compound 131 has
the same A selectivity as 127 (4900-fold), but is almost 10 times more
potent (A, K, 0.42 nM).

The N-ethyluronamide of CPA, 132, is marginally more potent
than CPA at the A, receptor, but with 134 nM affinity at the A, receptor
is threefold less A, selective than CPA. The NECA analog of R-PIA
(133) shows the same relative change in affinities at both receptors (A,
1.37 nM, A, 46 nM). These results suggest that N-ethyluronamide
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substitution at the 5'-position may provide a small enhancement of A,
affinity for N®derivatives. Although Ukena et al. (1987a) saw a sim-
ilar small enhancement of A, affinity in adenylate cyclase, Olsson et
al. (1986) did not see any enhancement of coronary vasodilator activ-
ity. Greater albumin binding of the NECA derivatives might explain
the latter finding.

7. Adenosine Analogs—Other Positions

Modification of adenosine at positions other than those already
discussed (C2, N%, and 5') has generally not resulted in potent or sub-
type-selective agonists. Only a few of these positions can be modified
without drastic loss of affinity. In the purine ring backbone, a 2-aza
modification retains at least A, activity (Born et al., 1965; Bruns,
1980), but 1-deaza (134), 3-deaza (135), 7-deaza (136), and 9-deaza
(137) modifications diminish affinity strongly, with 1-deaza substi-
tution being the least detrimental and 7- and 9-deaza being the most
(Table 7). 1-Position modification can also spare activity, as illus-
trated by 1-methylisoguanosine (1/38) (however, 1-methyladenosine
is inactive because it forces N® into an imino configuration; Bruns,
1980). Activity falls off rapidly with groups larger than methyl at C-
1 (Baird-Lambert et al., 1980). 8-Bromoadenosine is inactive, possi-
bly because it forces the purine ring into the syn conformation, but 8-
amino- and 8-methylaminoadenosine retain A, activity in human
fibroblasts (Bruns, 1980).

Replacement of the ribose oxygen bridge with methylene or thio
has only slight effects on A, activity in human fibroblasts (Bruns,
1980). Removal (139 and 140) or inversion of the 2'- or 3'-hydroxyl
group destroys affinity (Bruns, 1980; Taylor et al., 1986).

8. Xanthine Adenosine Antagonists

Adenosine antagonists possessing selectivity for adenosine
receptor subtypes have only appeared within the last few years. This
is mainly because of the fact that theophylline and caffeine (147 and
142; Table 8), the first adenosine antagonists to be reported (Sattin
and Rall, 1970), do not distinguish between the different subtypes
(Bruns et al., 1980, 1986).
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Table 7
A, and A, Binding Affinities of Miscellaneous Adenosine Analogs

S C@ ﬁp

OH OM OH . OH
138 139 140
Data
K, nM Ratio source*
Compound Structure A, A, AJA, A A,
134 1-deazaadenosine 370 - - L
135 3-deazaadenosine 7600 >100,000 - LI
136 7-deazaadenosine >25,000 - - P
137 9-deazaadenosine >10,000 >100,000 - LI
138 1-methyl-2-oxo- 150 3300 22 e
adenosine
139 2'-deoxy-R-PIA 2300 13,100 58 ¢+ ¢
140 3'-deoxy-R-PIA 36 6900 193 't

Data sources are listed in Table 1.

8.1. A -Selective Antagonists
8.1.1. 1- and 3-Position Modifications

Since the 1- and 3-positions are often modified together, it is
necessary to discuss them together. From the fact that 3-propylxan-
thine (143) is very weak (A, K, 29 uM, A, K, 103 uM), whereas 1-
methylxanthine (144) is only slightly less active than theophylline, it
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is apparent that the 1-methyl group (but not the 3-methyl) of theophyl-
line is essential for receptor affinity. Because /43 (also known as
enprofylline) retains theophylline’s bronchodilator activity (Persson
et al.,, 1986) without its adenosine antagonism, it has been used
extensively to identify potential adenosine-independent actions of
theophylline.

Although the 3-methyl group is not essential for adenosine an-
tagonist activity, larger 3-position moieties can enhance A, receptor
affinity, as illustrated by the threefold greater A affinity of 3-isobu-
tyl-1-methylxanthine (145, A, 2.5 uM) compared to theophylline
(141, A, 8.5 uM). 1-Position extension to ethyl or butyl can also
increase A, affinity (146 and 147). The most favorable pattern of 1,3-
substitution is 1,3-dipropyl (/48), which results in a 20-fold boost in
A, affinity (K, 450 nM) relative to theophylline; A, affinity is in-
creased to a lesser extent (K; 5200 nM), resulting in 11.5-fold A,
selectivity for this compound.

8.1.2. 7-Position

7-Methyl substitution of theophylline (I41) reduces affinity at
both A and A, receptors, resulting in little change in selectivity (142,
caffeine, A, 29 uM, A, 48 uM). 7-Benzyl substitution (/49) enhances
A, binding affinity more than affinity for A, blockade in guinea pig
cortical slices, with the result that A, selectivity is increased about
threefold (Daly et al., 1986b). 7-Position substitution is known to
abolish the affinity-enhancing effect of 8-phenyl substitution (com-
pare 141 with 150 and 142 with 151) (Bruns, 1981; Ukena et al.,
1986a), possibly because of steric interference between the two adja-
cent positions. Perhaps for this reason, 7-position variations have not
been studied extensively.

8.1.3. 8-Position

8-Position substitution can be used to attain substantial improve-
ments in A, receptor affinity and selectivity of xanthine adenosine
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antagonists. A, affinity can be enhanced by phenyl, alkyl, and cyclo-
alkyl groups; each of these chemical classes will be discussed sepa-
rately below.

8-Phenyltheophylline (150) was the first adenosine antagonist
with nanomolar affinity to be reported (Smellie et al., 1979a; Bruns,
1981), and extensive explorations of the structure—activity relation-
ships of this series have been carried out. The 8-phenyl substitution
per se enhances A, affinity more than A, affinity, resulting in about
10-fold selectivity of 150 for the A, receptor (A, 86 nM, A, 850 nM).
Aromatic substitution of the 8-phenyl ring has been studied exten-
sively (Bruns et al., 1983; Daly et al., 1986¢). In bovine A, binding,
p-substituents on the phenyl ring (152) increase affinity by up to four-
-fold, whereas m-substituents (I53) consistently reduce affinity
(Bruns et al., 1983). Modest affinity for the A, receptor is retained
when the para position is substituted with a charged group (for in-
stance, 154, 8-PSPT) (Bruns et al., 1980). Substitution at the o-posi-
tion has contradictory effects, depending on the size of the group.
Groups that are medium-sized or larger (for instance methoxy, 155)
strongly reduce affinity, whereas small groups, such as amino
and hydroxy (156 and 157), leave binding affinity unaltered. This
effect may be the result of steric interference between the o-group
and N7 (Bruns, 1981). Although single aromatic substitutions pro-
duce only modest effects on A /A, balance, combinations have more
marked effects, as illustrated by 8-(2-amino-4-chlorophenyl)-1,
3-dipropylxanthine (PACPX, 158), which possesses about 37-fold A,
selectivity (A, 2.5 nM, A, 92 nM). However, most of this increase
is because of 1,3-dipropyl substitution, since 158 is only about twice
as A selective as the unsubstituted phenyl derivative 159. 1,3-Dip-
ropyl-8-(2-hydroxy-4-methoxyphenyl)xanthine has also been re-
ported to possess significant selectivity for the A, receptor (Daly et al.,
1986¢).

Jacobson and colleagues have prepared an extensive series of
functionalized congeners of 1,3-dipropyl-8-phenylxanthine, in
which the p-position is substituted with a spacer group ending in any
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of a variety of functional groups. Typical of the series are the simple
carboxylate congener 160 and the amine congener 161 (Jacobson et
al., 1985c). The latter has about 10-fold higher A, affinity (K, 0.86
nM) than the parent 159, but A, affinity is increased to almost the same
degree, resulting in little increase in preference for the A, receptor
compared to 159. The distal portion of the receptor appears to accept
quite large and complex functional groups, including amino acids
(Jacobson et al., 1986), fluorescent probes (Jacobson et al., 1987a),
spin labels (Jacobsonetal., 1987a), and even peptides (Jacobson etal.,
1987b).

Hamilton et al. (1985) also described a series of 8-phenylxan-
thines with hydrophilic “tail” groups attached at the p-position. A
representative example of this series is PD 113,297 (162), which has
an A, affinity of 5.6 nM and 12-fold A, selectivity.

Structure—activity relationships for the 8-alkylxanthines have
not been characterized extensively. 8-Propyl substitution of theo-
phylline enhances A, affinity more than A, resulting in an A /A K,
ratio of 27 for 163.

By far the most successful approach to A -selective adenosine
antagonists has been in the 8-cycloalkylxanthine series. 8-Cyclopen-
tyl substitution of theophylline (164) increases A, affinity by a factor
of 800 (K, 10.9 nM), while increasing A, affinity only 20-fold (K1440
nM), resulting in 130-fold selectivity for the A, receptor (Brunsetal.,
1984, 1986). A further boost in affinity and A, selectivity is seen with
the corresponding 1,3-dipropyl derivative (CPX, 165), whose A,
affinity of 0.46 nM and selectivity of 700-fold are by far the greatest
yet reported (Lee and Reddington, 1986; Ukena et al., 1986a; Bruns
etal., 1987b; Martinson et al., 1987). In the 8-cycloalkyltheophylline
series, the rank order of A affinity and selectivity is cyclopentyl >
cyclohexyl 2 cyclobutyl > cyclopropyl (164, 166-168). The same
rank order is seen for the 8-cycloalkyl-1,3-dipropylxanthine series
(Martinson et al., 1987). 8-Cyclopentyltheophylline shows A -selec-
tive adenosine antagonism by the oral route in vivo (Bruns et al.,
1988).
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8.2. A,-Selective Antagonists

Only moderate success has been forthcoming so farin the search
for xanthines with preferential affinity for the A, receptor.

8.2.1. 1-, 3-, and 7-Positions

As previously mentioned, 1,3-dipropyl substitution increases
both A, and A, affinity. Selectivity for the A, receptor is enhanced by
this modification, because A affinity is increased more than A,. In
contrast, 1,3-diethyl modification has been reported by Jacobson et al.
(1987c¢) to enhance A, affinity (human platelet adenylate cyclase)
without affecting A affinity, resulting in improved selectivity for the
A, receptor. These results are in agreement with previous results in
an A -stimulated human fibroblast system, in which 1,3-diethylxan-
thine (169; Table 8) was almost as potent as 1,3-dipropylxanthine
(148) (Bruns, 1981). However, this pattern is not seen in the rat brain
A, binding assay, where the 1,3-diethyl derivatives are similar to the
corresponding 1,3-dimethyl compounds (compare 141, 169, and 148,
as well as 150, 159, and 170). The difference may reflect either a
human-rat species difference (Ferkany et al., 1986; Stone et al., 1988)
or the existence of subclasses of A, receptors.

3,7-Dimethyl-1-propargylxanthine (/77) and 1,3-dimethyl-7-
propylxanthine (/72) have been reported to show approximately
fourfold selectivity for the A, receptor when affinities in A, binding
inrat brain and A,-stimulated adenylate cyclase in rat PC12 cells are
compared (Ukena et al., 1986b).

8.2.2. 8-Position

Although 8-substituted xanthines have generally shown some
degree of A selectivity, PD 115,199 (173) had equally high affinity
in A, and A, binding (A, 13.90M, A, 15.5 nM) (Bruns et al., 1987c).
Like PD 113,297 (162), 173 contains an amine side chain linked to
the p-position of 1,3-dipropyl-8-phenylxanthine (Hamilton et al.,
1985). Side-chain structure—activity relationships have not been
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explored in detail in this series and may be a fruitful area for future
investigation.

9. Non-Xanthine Adenosine Antagonists

Although the nonxanthine adenosine antagonists have not
been the subject of as much chemical effort as the more well-known
xanthines, quite a few chemical series have been identified, and
unusual patterns of subtype selectivity have been seen in several
cases.

9.1. A,-Selective Agents
9.1.1. 9-Methyladenine Series

Although 9-methyladenine (I74; Table 9) was identified as a
(rather weak) A, antagonist in 1981 (Bruns, 1981), the question of
possible structure—activity parallels between this series and the ade-
nine nucleosides was only investigated recently (Ukenaet al., 1987b).
As in the adenosine series, N®-cyclopentyl substitution (1 75) resulted
in a substantial increase in A, affinity (K;540 nM) and A selectivity
(based on affinity in A -stimulated adenylate cyclase). The 9-methyl-
adenine counterparts of R- and S-PIA (176 and 177) showed stereose-
lectivity in the same direction as in the adenosine series, confirming
the likelihood that the 9-methyladenine derivatives bind to the same
N° receptor domain as adenosine.

9.1.2.[1,2 4]Triazolo[4 3-alquinoxaline Series

The ability of an appropriately placed cyclopentyl group to
enhance A, affinity and selectivity was also observed in a series
of [1,2,4]triazolo[4,3-a]quinoxaline-4-amines. These compounds,
which were originally reported in the patent literature as antidepres-
sants (Sarges, 1985a,b), bore some structural resemblance to adenine
and were found to have weak adenosine antagonist activity (Trivedi
and Bruns, 1988). Replacement of the N-isopropyl group in 178 with
a cyclopentyl moiety (179, CPEQ) resulted in a considerable im-
provement in A, affinity and selectivity, which could be further
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improved by replacement of the 1-ethyl group in /78 and 179 with a
trifluoromethyl group (180, CPQ).

9.1.3. Pyrazolo[3 4-b]pyridine Series

Several pyrazolo[3,4-b]pyridines with anxiolytic and benzo-
diazepine receptor-modulating activity were also found to possess
adenosine antagonist activity (Psychoyos et al., 1982; Murphy and
Snyder, 1981). Cartazolate (181) has A, affinity in the high nano-
molar range and sixfold selectivity.

9.1.4. Pyrazolo[4,3-d]pyridine Series

Several 5-aryl-7-oxopyrazolo[4,3-d]pyrimidines were found to
have significant affinity for adenosine A, receptors (Hamilton et al.,
1987b). Quantitative structure—activity relationship analysis for this
series indicated that changes in affinity caused by substitution of the
5-aryl group in this series were similar to the patterns seen in the 8-
phenyltheophylline series, implying that the 6-membered ring of the
pyrazolo[4,3-d]pyrimidine series may bind to the same receptor
domain as the 5-membered ring of the xanthines. In support of this
idea, the affinity of the phenyl derivative 182 (K,580 nM) is enhanced
by 2-amino-4-chloro substitution (183) (K, 176 nM) (compare with
150 and 158).

9.1.5. Pyrazolo[3,4-d]pyrimidine Series

Davies et al. (1983) reported that several 4-thiopyrazolo[3,4-
d]pyrimidines had significant affinity as adenosine antagonists. We
independently became interested in this series because of the activity
shown by the pyrazolo[4,3-d]pyrimidines. Several 4-aminopyra-
zolo[3,4-d]pyrimidines that had been synthesized in the late 1950s by
Edward C. Taylor (Princeton University) were found to possess con-
siderable affinity in A, and A, binding. The most potent activity was
shown by the 1,6-diphenyl derivative /84, which had a balanced
receptor profile with A, affinity of 23 nM and A, affinity of 35 nM
(Bruns and Hamilton, 1987).



Trivedi, Bridges, and Bruns

13

Ql
Ol
Vl

vy EHO%HD = 1Y

= vy EHI®HD = 1Y

oW,
N
A N
Z{”Z\

N
$4 H

[oI-1}

6L1

8Ll

H
£y
=y Ll
€42
H
=4 9Ll
Olua i1
mI_U
N N
Uy
N~ N
N
¥ H

92

SISTUOSEIUY SUISOUSPY SUIYIUBXUON JO sanunyy Suipurg “y pue 'y
6 2198l



93

A, and A, Structure-Activity Relationships

“suTuope 0} AuerwIs S 9z1seyde 0 JSWOINE] OUTURE 3Y) S8 UMBIp ST 987 punoduro),
*1 9198, Ut pISI] X8 SIOINOS BIB(I 4

> 00 4! 000€ ZO1H o8I
B 750 01€ 009 Zoav L8]
: 191°0 €€ 0T £¥6ST SO 1981
. 750 00LT 00zS suIzexoyy s8I
P 0s'1 S€E €T surprwAd[p-*¢]
ojozeikd-jAuoydip-9* [ -ourure- Per
- - - 9L1  duo-L-oumpruukd[p-¢‘ylojozerkd
-IAqowp-¢* -0IpAYIP-¢'1
-(1Auoydoroyo--ourure-z)-g £81
- - - 08S ouo-, -urpruuAd
-[p-¢‘plojozeikd-H . -[Auayd
-S-1AqIowp-¢* [-0IpAYIP-$'1 z8r
s €9 0022 09€ de[ozEIR) 81
. LET 0001 €L 0dd 081
. VAl 000€ ¥T 0ddd 6L1
« LLt 00€Y ove surjozeutnb
-[p-¢*p)ojozem |z 1]
-(IAperAyrow-1)-N-14y1a-1 8LI
- - - 000°01 auruope[[AyiorAusyd
-~z HAgaw-1-($)1-N-1Ayrow-6 LLT
- - - 00ST suruape[fAyleAuayd
-2 1Agu-1-(Y) 1-oN-TAyIoW-6 9L
- - - oS suruape-fAyiow-g-1A1uadofoko-N LI
v 148! 00099 000°LS suruopeAylow-6 1744
vV ! WiV vy v smyonng punodwio)
«90IN0S oney Wuy




94 Trivedi, Bridges, and Bruns

9.2. A,-Selective Agents

9.2.1. Alloxazine

The benzo[g]pteridine alloxazine (/85), identified as an adeno-
sine antagonist in the human fibroblast A, system (Bruns, 1981),
showed twofold A, selectivity in A, and A, binding, with affinity in
the low micromolar range (A, K 2.7 uM).

9.2.2. [1,2 4]Triazolo[1,5-clquinazoline Series

CGS 15943 (186) showed sevenfold A, selectivity and a very
potent affinity of 3 nM in A, binding (Williams et al., 1987). This
compound, which bears some resemblance to adenine, came from a
series of benzodiazepine receptor antagonists.

9.2.3. Quinazolines

The simple quinazoline ADQZ (187) was discovered in screen-
ing of assorted quinazolines in A  and A, binding (Bruns and
Coughenour, 1987). ADQZ is of interest because of its amine-con-
taining side chain and its twofold A, selectivity (A, 600 nM, A, 310
nM).

9.2 4. Thiazolo[2 3-b]quinazoline Series

HTQZ (188) was also found in a btroad screening program
(Bruns and Coughenour, 1987). This compound stands out because
of its very high (25-fold) A, selectivity (A, 3000 nM, A, 124 nM).
However, the high A, selectivity of this compound is only seen in rat
A /A, binding, with less selectivity observed in dog, cow, or human
binding (unpublished results). Nevertheless, /88 may provide an
important chemical lead towards A,-selective antagonists.
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10. Pharmacological Tools
for Adenosine Research

The ultimate objective of structure—activity analysis is of course
to design new pharmacological tools and therapeutic agents. The
utility of adenosine agonists and antagonists in vivo is governed not
only by receptor affinity and selectivity, but also by such factors as
intrinsic activity, solubility, and pharmacokinetics.

10.1. Use of Structure-Activity Relationships
to Define Adenosine Receptor Subtypes

Two prominent differences in structure—activity relationships
have been used to define A, and A, receptors. At A receptors, R-PIA
is more potent than NECA, whereas at A, receptors, the reverse order
of potency holds (Londos et al., 1980). In addition, the R diastereomer
of PIA is 20-100 times more potent than the S diastereomer at A,
receptors, but less than 10 times as potent as A, receptors (Smellie et
al., 1979b). However, these differences have not been seen consis-
tentlyinall A and A, systems, leading to situations where the subtype
classification can be ambiguous (Stone et al., 1988). Because of these
problems, new structure—activity criteria for receptor subclassifica-
tion have been proposed (Bruns et al., 1987a).

In several neurotransmitter release systems that are presumed to
be A,, NECA is more potent than R-PIA (McCabe and Scholfield,
1985). The reasons for this are unclear, but the explanation is likely
to be related to either the much greater hydrophobicity of R-PIA com-
pared to NECA or the very slow binding kinetics of the N®-modified
adenosines. An alternative pair of compounds that could be used to
distinguish A, and A, receptors is CPA and NS-benzyladenosine
(Brunsetal., 1987a). Although the two compounds are from the same
structural class and have identical log P values (log octanol:water
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partition coefficient), their relative affinities at A and A, receptors
differ markedly. In A, binding, CPA is about 300 times more potent
than N®-benzyladenosine, whereas in A, binding, N°-benzyladenosine
is slightly the more potent of the two. The two antagonists CPX and
PD 115,199 could also be used to distinguish adenosine receptor
subtypes: CPX is 30-fold more potent than PD 115,199 in A, binding,
whereas a 20-fold difference in the opposite direction is seenin the A,
binding assay (Bruns et al., 1987a).

10.2. A Pharmacological “Toolbox” for Adenosine Studies

It often happens that an investigator may wish to characterize an
adenosine-responsive system, but because of time and budget limita-
tions will be unable to examine more than a small number of com-
pounds. Of the hundreds of adenosine agonists and antagonists that
have been reported, which small subset will provide the most useful
information to the investigator? The answer to this question is of
course quite subjective, but our own suggested “toolbox” is given in
Table 10. Since many agonists with good solubility and pharmacoki-
netics are available, the agonists in Table 10 were chosen to represent
the widest possible assortment of structural classes and receptor selec-
tivities. For the antagonists, the additional criteria of solubility and in
vivo activity by different routes were also given high priority.
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CHAPTER 4

Signal Transduction
Mechanisms for Adenosine

Dermot M. E. Cooper
and Kevin K. Caldwell

1. Introduction

Significant advances have been made during the last 20 yrin un-
derstanding the mechanisms of adenosine receptor-mediated signal
transduction at the level of the plasma membrane. The pioneering
studies in the early 1970s by Rall, Daly, Schwabe, and Fain clearly
established that adenosine and its analogs could modulate both cyclic
AMPlevelsinintact cells and adenylate cyclase activity in broken cell
preparations. Systematic studies by Londos and Wolff (1977) estab-
lished that the effects of adenosine on the intact cell could be separated
into those that could be considered to be receptor-mediated (by the
so-called “R-site”), and thus, amenable to the conceptual and method-
ological strategies available for the study of such processes, and those
that could be viewed as being mediated by the so-called “P-sites,”
which displayed few of the regulatory features exhibited by previ-
ously characterized extracellular receptors. Achieving this discrimi-
nation set the stage for the subsequent separation of the conventional
(“R-site”) receptor into two subtypes termed R, and R", which inhib-
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ited and stimulated, with differing pharmacological profiles, respec-
tively, adenylate cyclase activity in plasma membranes isolated from
a wide variety of cells (Londos et al., 1980). At nearly the same time,
Van Calker et al. (1979) proposed the same subclassification of the
“R-site” based on studies of cyclic AMP production in response to a
range of adenosine analogs in two cultured cell lines. Because there
is now a wide variety of hormones, neurotransmitters and autocoids
that have been shown to both stimulate and inhibit adenylate cyclase
via distinct receptors that can be generically referred to as “R.” and
“R,”, respectively, the more specific convention of A, (inhibitory) and
A, (stimulatory) has been generally adopted in referring to the
subtypes of the adenosine receptor. The physiological relevance and
molecular nature of the “P-site” remains in some doubt because of its
utilization of rarely achieved concentrations of adenosine and appar-
ently unconventional transduction mechanisms. Therefore, it will not
be considered further in this chapter. (The reader is referred to the
article by Wolff et al. [1981] for a detailed account of this “receptor.”)
Both the regulatory features of the signal transduction processes
linking A, and A, receptors to changes in adenylate cyclase activity,
as well as the structural aspects of the A, receptor, have been studied
extensively during the past 10 yr; however, several questions remain
to be addressed and resolved. In addition, several recent reports link
adenosine receptors to signal transduction mechanisms other than
those associated with the regulation of adenylate cyclase activity.
Consequently, the present chapter will deal in some detail with:

1. The regulatory and structural aspects of adenosine receptor-
mediated regulation of adenylate cyclase; this will set the
conceptual stage for the regulatory mechanisms by which
adenosine receptors might be associated with other signaling
systems.

*Abbreviations: R,(A2), stimulatory receptor coupled to adenylate cyclase; R(Al),
inhibitory receptor coupled to adenylate cyclase; G, inhibitory guanine nucleotide-binding
protein thatcouples R, to adenylate cyclase; G, stimulatory guanine nucleotide-binding pro-
tein that couples R, to adenylate cyclase; PDE, cyclic nucleotide phosphodiestrerase; GTPYS,
guanosine 5'-(y-thio)triphosphate; PK-A, cyclic AMP-dependent protein kinase; PK-C,
Ca?*-phospholipid-dependent protein kinase; R-PIA, R-phenylisopropyladenosine; NECA,
5-N-ethylcarboxamide adenosine, CHAPS, 3-[(3-cholamidopropyl)-dimethylammonio]-1-
propane-sulfonate.
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2. Evidence that adenosine receptors regulate s1gna11ng proc-
esses other than adenylate cyclase and

3. The strategies needed to probe the association of adenosine
receptors with “novel” signaling systems.

2. Adenosine Receptor Regulation
of Adenylate Cyclase

As mentioned in the introductory remarks, adenosine can both
stimulate and inhibit adenylate cyclase activity via pharmacolo-
gically distinct receptors. The potency series R-PIA>adenosine>
NECA is characteristic of A (or R)) receptors, whereas the reverse
potency series is observed at A, (or R ) receptors (Wolff et al., 1981).
This precise potency difference is not always observed when compar-
ing A, and A, receptors in different tissues, but whether this represents
heterogeneity of adenosine receptor subtypes or technical issues
(such as differences in drug accessibility to receptor sites) is unclear
(Ferkany et al., 1986; Stone etal., 1988). Adenosine receptors are rel-
atively ubiquitous in mammalian tissues and cells derived therefrom.
The presentchapter does not attempt to deal in any detail with receptor
distribution among different tissues, since comprehensive reviews
have appeared on this subject by other (e.g., Stiles, 1986; Ferkany et
al., 1986; Stone et al., 1988). However, it appears that most mam-
malian tissues contain either an A, or A receptor, or both. The A, re-
ceptor is well represented in neuronal tissue and appears to have been
detected in every major neuronal structure. A, receptors are also pres-
ent in the brain, particularly in the caudate nucleus, in addition to
being prominent in liver and blood cells. No guiding physiological
rationale appears to account for the widespread distribution of these
receptors, although it might be argued that the A, subtype plays the
morerelevant physiological role, since these receptors are sensitive to
concentrations of adenosine that are often achieved in the circulation.
However, this argument can be tempered by considering the high
local concentrations of adenosine that may be achieved in certain
situations.

It is possible to generalize on the properties of the regulation of
adenylate cyclase by adenosine from the large number of studies de-
scribing the effects of adenosine on adenylate cyclase activity in
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broken cell preparations and purified membranes. As has been found
for all other receptors that are coupled to adenylate cyclase, exoge-
nous GTP is absolutely required in order to observe stimulatory or
inhibitory effects of adenosine on adenylate cyclase activity in puri-
fied membrane preparations (Cooper and Londos, 1979). This GTP
requirement translates into the involvement of distinct GTP regula-
tory proteins (G, and G)) that mediate these effects (Rodbell, 1980).
Interestingly, it was as a result of work on the adenosine A, receptor
that some of the earliest evidence was gathered suggesting that a
unique GTP regulatory complex (different from the previously iden-
tified G, complex) mediated the inhibitory effects of receptors on
adenylate cyclase. This evidence hinged on the fact that selective
treatments could eliminate the inhibitory effects of adenosine ana-
logs, without perturbing stimulatory effects of hormones, and vice
versa (Cooper, et al., 1979; Schlegel et al., 1980). That distinct GTP
regulatory-proteins were involved was confirmed by the use of two
toxins, which selectively modify the two processes by ADP-ribosyla-
tion reactions. Cholera toxin, by modifying G, enhances or overrides
the consequences of adenosine A, receptor occupancy (Lad et al.,
1980), causing a lasting activation of adenylate cyclase. Pertussis
toxin, on the other hand, eliminates G-mediated processes, and in so
doing, abolishes the ability of adenosine A, receptors to inhibit
adenylate cyclase (Hazeki and Ui, 1981).

There now is abundant evidence available on which to base the
following description of a dually regulated adenylate cyclase system.
Mammalian adenylate cyclase systems comprise five distinct func-
tional elements: a catalytic unit, which has recently been purified
from a number of sources and which displays a mol wt of 120,000
daltons (Smigel, 1986); distinct stimulatory and inhibitory receptors,
which elevate or depress, respectively, the activity of the enzyme
(familiar examples would be the B-adrenergic and the o-2-adrenergic
receptors; Lefkowitz et al., 1981); and stimulatory and inhibitory
GTP-regulatory elements (termed G, or N, and G, or N, respectively),
which transduce the signal of hormone receptor occupancy into either
an increase or decrease in the activity of the catalytic unit, as appro-
priate (Rodbell, 1980; Cooper, 1982). These GTP-regulatory ele-
ments have also been purified and are composed of three subunits,
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which are termed o, B, and y. The  and ysubunits (mol wt 35,000 and
10,000 daltons, respectively) appear to be identical for both G, and G,
whereas the o subunits are unique to the particular G-protein. (How-
ever, it should be noted that Fong et al. (1987) and Gao et al. (1987)
have recently demonstrated the existence of two distinct forms of the
B subunit, based on deduced amino acid sequences of complementary
DNA clones. Whether these two forms differ in their association with
the o and o, subunits is presently unclear.) o from G, displays a mol
wt of 45,000 daltons and is a substrate for Vibrio cholerae toxin,
whereas o, from G, displays a mol wt of 41,000 daltons and is a sub-
strate for Bordetella pertussis toxin (Gilman, 1984). Two distinct,
though not necessarily mutually exclusive, mechanisms for the regu-
lation of adenylate cyclase by these subunits have been proposed. In
both models, stimulation is viewed to be based on the dissociation of
the afycomplex of G , resulting in the liberation of o, which directly
activates the catalytic unit. The models differ in how inhibition is
viewed to proceed. In the first, known as the “chelation” model, By
subunits are released upon the activation of G, by hormone/neuro-
transmitter; these By subunits then chelate o, subunits as a result of
simple mass action and thereby reverse activation. In the so-called
“direct” model, the o, that is liberated from G, directly inhibits the
catalytic unit. Both models can be supported, based largely on studies
that have been performed in detergent solution. It seems likely thatin
many situations both models may apply (Gilman, 1984).

In neuronal tissues, the regulation of adenylate cyclase is some-
what more complex. Adenylate cyclase in every region of the brain
is regulated to some extent by Ca%*/calmodulin. In the striatum, this
complex stimulates activity by only 40%, whereas in the hippocam-
pus, five-fold increments are achieved (Girardot et al., 1983; Cooper
etal., 1986). Itis significant that this stimulation is totally dependent
upon Ca?* concentrations in the very low micromolar range. These
concentrations (0.6-2 uM) correspond closely to the intracellular Ca?
concentrations that are achieved upon neuronal depolarization or
upon mobilization of Ca?* following the hydrolysis of phosphatidyli-
nositol bisphosphate by Ca?*-mobilizing neurotransmitters, such as
acetylcholine and norepinephrine, acting through muscarinic cholin-
ergic M, receptors and «-1 adrenergic receptors, respectively
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(Berridge and Irvine, 1984; Rasmussen et al., 1984). The fact that a
several-fold stimulation of adenylate cyclase activity may be
achieved by elevations in intracellular Ca? is in contrast to the modest
elevation in activity that can be elicited by hormones/neurotransmit-
ters that are directly linked via G, proteins to adenylate cyclase in neu-
ronal tissue. These latter agents have rarely been reported to stimulate
activity by more than 50% in studies in which basal activity has not
been allowed to decay (thereby exaggerating the magnitude of the
stimulation) (Cooper, et al., 1988). This regulation by Ca?/cal-
modulin has important implications for neurotransmitter regulation
of the enzyme. Generally, it has been observed that, unless basal
cyclase activity is stimulated by Ca?*/calmodulin, inhibitory neuro-
transmitters, such as adenosine acting through A, receptors, cannot
inhibit the enzyme (Girardot et al., 1983; Ahlijanian and Cooper,
1987). In invitro studies, other activators of adenylate cyclase, such
as forskolin, will sustain inhibition, but within the physiological con-
text, it appears that the stimulation by Ca?/calmodulin provides a
feedback inhibitory loop through which neurotransmittters that are
released into synapses in association with a Ca?* influx, can inhibit the
synthesis of cyclic AMP and thereby modulate their own release.

3. Structural Studies of Adenosine Receptors

In determining the molecular mechanisms of adenosine receptor
coupling to adenylate cyclase or other signaling systems, an essential
prerequisite is the purification and characterization of the receptors.
Since several recent reports indicate that adenosine receptors are
linked to signaling mechanisms other than adenylate cyclase, it would
not be surprising if distinct molecular species (receptor subtypes)
were involved in each case. Itis therefore of interest to review some
of the structural strategies that are currently being pursued in order to
predict whether such strategies may assist in the resolution of this
issue. Because the majority of the structural studies on adenosine
receptors have focused on the A, subtype of the receptor, because of
the greater technical ease with which this subtype can be investigated
(see Cooper, 1988 for a discussion of this issue), this chapter will re-
view only these studies.
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3.1. Solubilization of A, Receptors

Several reports have described successful solubilization of
adenosine A -receptors from various brain areas (Gavish et al., 1982;
Klotz et al., 1986; Bruns et al., 1983; Stiles, 1985; Perez-Reyes et al.,
1987; Nakata and Fujisawa, 1983). The use of brain tissue reflects the
relative abundance of A, receptors in brain and the mass of material
available. Relatively standard solubilization conditions have been
used in these studies, although some uncertainties are present, as
discussed in detail in Cooper (1988). (This article presents a detailed
account of the technical considerations associated with structural
aspects of adenosine receptor characterization, which fall outside the
scope of the present chapter, but are essential to understanding the
potential difficulties that may arise in studies of the adenosine recep-
tor, e.g., the presence of endogenous phospholipid and the critical
micellar concentrations of detergents.)

An apparently unusual feature of adenosine receptor solubiliza-
tion is the ease with which adenosine receptors can be solubilized in
a high affinity state that is regulated by guanine nucleotides. In most
of the studies reported, guanine nucleotides regulate the binding of
agonistligands to the receptor in detergent solution. At first sight, this
might appear unusual, compared with findings with other neurotrans-
mitter receptors that inhibit (or stimulate) adenylate cyclase: gener-
ally, solubilization of high affinity forms of receptors, which can be
regulated by guanine nucleotides, requires the prior binding of agonist
(Smith and Limbird, 1981; Michel et al., 1981; Kilpatrick and Caron,
1983). The unusual nature of this finding with adenosine receptors
has been commented on previously (Stiles, 1985). A possible cause
for this effect is the presence of endogenous adenosine. In several
studies of adenosine receptors, steps were taken to reduce the level of
adenosine prior to solubilization (Gavish, et al., 1982; Stiles, 1985;
Nakata and Fujisawa, 1983; Perez-Reyesetal., 1987). However, even
in situations where attempts are made to reduce adenosine levels prior
to solubilization, it must be recognized that, although it is relatively
easy to eliminate adenosine from solution by treatment with adeno-
sine deaminase, adenosine dissociates slowly from its receptors (the
half-time for dissociation is in excess of 3 h at 24°C; Yeung et al.,
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1987). Thus, under normal solubilization conditions (10—30 min at
4°C), adenosine would remain bound to its receptor and therefore,
would stabilize high affinity forms of the receptor during solubiliza-
tion.

The foregoing considerations suggest that the same general
principles apply to the solubilization of adenosine A, receptors as to
any other receptors that regulate adenylate cyclase, and consequently,
similar tactics might be expected to be needed in their structural char-
acterization, i.e., agonists stabilize high affinity, guanine nucleotide-
regulated forms of the receptor; antagonists may be expected to sta-
bilize low affinity, guanine nucleotide-resistant forms of the receptor.
The latter form may be most easily purified (Florio and Sternweis,
1985).

3.2. Hydrodynamic Analysis

The solubilized A, receptor has been subjected to several inde-
pendent hydrodynamic studies, as ameans of obtaining some insights
into its molecular size. Receptors that were solubilized following
exposure to the slowly dissociating agonist [’H]R-PIA tended to be
recovered with 80-90% efficiency, whereas only ca. 4-10% of recep-
tors that were occupied by the more rapidly dissociating, endogenous
adenosine, and which were therefore intrinsically less stable, were
recovered—as measured by agonist postlabeling (Yeungetal., 1987).
This difference underlines the uncertain composition and potentially
irrelevant sizes of these latter “complexes.” Consequently, it might
be suggested that, prior to the performance of any hydrodynamic
analysis, receptors should be stabilized with either an agonist (to
stabilize an R-G complex) or an antagonist (to stabilize a free recep-
tor—noting the difficulties that may be encountered in the case of
adenosine receptors, in actually obtaining conditions in which the an-
tagonist can occupy a significant proportion of the receptor popula-
tion, because of the presence of endogenous adenosine).

Hydrodynamic studies have been performed on solubilized
adenosine receptors both below and above the critical micelle concen-
tration (CMC) of the detergent during sedimentation analyses. Both
in this laboratory and elsewhere, studies were performed below the
CMC, which gave rise to complexes with apparent sedimentation co-
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efficients of 12 to 16S (Svedberg) (or >500,000 daltons; Stiles, 1985,
Cooper et al., 1985). When the concentration of cholate or digitonin
was maintained above the CMC during such analyses, sedimentation
coefficients of 7.7S and Stokes’ radii of 7.2 nm were observed. These
values yielded an approximate particle size of 250,000 daltons for
agonist-binding, GTP-sensitive forms of the receptor (Nakata and
Fujisawa, 1983; Yeung et al., 1987). Itis likely that these latter stud-
ies, performed under conditions in which the solubility of the receptor
was maintained (i.e., above the detergent CMC), convey the most in-
formation on the hydrodynamic properties of the adenosine receptor.

3.3. Photolabeling

Specific, high affinity, radio-iodinated photolabels have been
developed for the adenosine A, receptor. Both agonist and antagonist
iodo-azidoderivatives have been prepared. The availability of such
covalent labels is a critical requirement in the ultimate purification of
the receptor. These ligands label a protein(s) of apparent mol wt of
34,000-38,000 daltons in membrane preparations from a variety of
celltypes (Linden etal., 1987; Stiles, 1985). The consensus of the mol
wt observed strongly suggests that this species represents a speci-
fic component of the receptor. The size of approximately 36,000 dal-
tons is somewhat smaller than might be anticipated for a receptor
coupled to adenylate cyclase. When other such receptors are consid-
ered, sizes greater than 60,000 daltons have generally been encoun-
tered; for instance, the adrenergic receptors are all approximately
58,000-63,000 daltons (Caron et al., 1985), whereas the muscarinic
cholinergic receptor is 80,000 daltons (Venter, 1983). It is conceiv-
able, therefore, that the photolabeled adenosine target protein is one
subunit of a more complex receptor assembly. The A, receptor has
also been photoaffinity labeled and found to have a size of 45,000
daltons (Barrington et al., 1989).

3.4. Target Size Analysis

The cerebral cortex adenosine A, receptor has been analyzed by
irradiation inactivation. The major advantage of this technique is that
the functional size for the receptor can be estimated in a native mem-
brane environment, without disrupting the binding properties of the
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receptor. A disadvantage of this method is that only a size for a func-
tional entity is provided; no information is provided on the composi-
tion of the target (Kempner and Schlegel, 1979). In addition, because
receptors exist in both high and low affinity forms, it is necessary to
performdetailed binding isotherms at eachirradiation dose, so that the
disappearance of each receptor state can be plotted. When such anal-
ysis is performed on the high affinity adenosine receptor from cere-
bral cortex, a linear decay is observed, which corresponds to a target
size of 63,000 daltons (Frame et al., 1986). As an internal calibration
for these studies, the muscarinic cholinergic receptor which is also
present in these membranes, was used. The latter receptor displays a
target size of 80,000 daltons, as well as an electrophoretic mobility of
M, 80,000 daltons (Venter, 1983). A similar size for the A, receptor
was encountered by Reddington et al. (1987).

As is evident from the foregoing presentation, disparate sizes
arise for the adenosine A, receptor from the various methods of target
size analysis, hydrodynamic analysis, and photolabeling. However,
these differences may be reconciled if the nature of the entity being
measured in the various methods is considered. The size of the recep-
tor that was obtained from target-size analysis may be very close to
the size of the native receptor. The discrepancy between this value
and that observed by photolabeling may indicate either that the size
thatis interpolated from the migration of standards on polyacrylamide
gels may not reflect the size of the native protein, or that a subunit(s),
additional to that which is photolabeled, comprises the native recep-
tor. The particle size of 250,000 daltons that is obtained for the high
affintiy agonist-binding receptor upon hydrodynamic analysis is
compatible with a receptor size of 63,000 daltons, plus a bound GTP
regulatory complex of approximately 100,000 daltons, with an addi-
tional quantity of bound detergent and lipid. Hydrodynamic analysis
of antagonist-binding forms of the receptor may provide a particle
size estimate for the free receptor.

3.5. Monoclonal Antibodies

A critical tool in the discrimination between different subclasses
of adenosine receptors may rely on the development of specific
monoclonal antibodies. Such antibodies will be useful in identifying
differential distribution of the receptors among tissues, as well as



Adenosine Signal Transduction 115

providing potentially powerful screening devices for the detection of
the expression of mRNAs encoding the receptor.

As a step in this direction, recently, in this laboratory, monoclo-
nal antibodies were prepared that were directed against a crude so-
dium cholate-solubilized preparation of rat cortical A, receptors that
was eluted from a TSK 3000 sizing column. Inhibition of reversible
binding was chosen as the screen for the immunological identification
of the receptor for two major reasons:

1. antibodies that would precipitate photolabeled receptor could
be directed against a region of the receptor that was common
to many membrane-inserted proteins and thus would not
prove specific in later immunoblotting experiments, and

2. it was felt that inhibition of agonist binding was a functional
criterion that was specific to adenosine receptors, which
might prove quite useful in purification strategies that sought
to retain receptor function.

In preliminary studies in this laboratory, two monoclonal anti-
bodies that inhibited receptor binding were produced (Perez-Reyes et
al., 1987). Upon the production of such an antibody, the first require-
ment is the demonstration of specificity for the adenosine receptor,
since the possibility of generating nonselective antibodies is high.
Three major possibilities for nonspecific inhibitory effects of an anti-
body on receptor binding were considered and evaluated: first, the
antibody may be directed against the G, component of the solubilized
R~G, complex, which may sustain the binding activity of the receptor
indetergent solution; second, the antibody may be directed against the
detergent; and third, it may be directed against a general membrane
spanning domain that is common to many membrane-inserted pro-
teins. Inthe presentcase, it was considered important to evaluate both
an antagonist and an agonist-binding form of the receptor. The for-
mer would be believed to represent a free R, complex, the latter an
R~G, complex. If the antibody inhibited binding to both forms of the
receptor equally well, it would tend to eliminate the possibility that the
antibody was directed against the G-protein. The antibodies tested
inhibited binding of both agonist and antagonist forms equally well.
This observation seemed to rule out the possibility that the antibodies
were directed against G, complexes. By preparing receptors in differ-
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ent detergents, it was possible to determine whether the antibodies
were directed against the detergent. The antibodies were equally ca-
pable of inhibiting receptor binding in native membranes, sodium
cholate- or CHAPS-solubilized preparations, which suggested that
they were not directed against the detergent. Finally, a lack of inhi-
bition of binding to any other type of receptor would suggest that the
monoclonal antibody was not directed against a general, nonspecific
membrane-spanning domain. Adenosine A, B-adrenergic, muscar-
inic cholinergic, and D,-dopaminergic binding activities were as-
sessed. In this latter test, the antibodies inhibited adenosine receptor
binding, not B-adrenergic or muscarinic cholinergic binding, but they
did inhibit dopamine D,-receptor binding. This quasi-specificity may
turn out to be interesting, when more is learned of the structure of
adenosine A, receptors compared with dopamine D, receptors. How-
ever, these antibodies are not immediately useful, unless they are ap-
plied in a tissue where other cross-reacting receptors are not present.

4. Regulation of Adenosine Receptor Binding

In preparation for the development of strategies to be used in the
study of the coupling of adenosine receptors to signaling systems
other than adenylate cyclase, the regulation of adenosine A, receptor
binding will be presented as a basis from which to compare the differ-
ences and similarities between receptors that are linked to different
effector systems.

4.1. Role of GTP and Mg*

Mg? and GTP exert opposing effects on the regulation of bind-
ing to adenosine A 1receptors, as is the case with many otherreceptors
that regulate adenylate cyclase activity. Thus, in the absence of regu-
lators, adenosine receptors in plasma membrane preparations are
distributed between high and low affinity states (Yeung and Green,
1983; Ukena et al., 1984; Frame et al., 1986). Mg** shifts this dis-
tribution predominantly towards high affinity forms, whereas GTP
shifts the distribution predominantly towards low affinity forms.
When Mg?* is combined with GTP, the effect of the cation seems to
predominate, i.e., the cation appears to reverse the effect of the gua-
nine nucleotides (Goodman et al., 1982; Ukena et al., 1984; Frame et
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al., 1986). Such effects do not lend themselves to simple interpreta-
tion of their structural or molecular significance. Nevertheless, the
state that is induced in the combined presence of Mg?* and GTP is pre-
sumably a state that can be generated when adenosine receptors are
coupled to the inhibition of adenylate cyclase.

Several studies on the fat cell A -adenosine receptor system have
aimed to address the significance of this apparent interaction between
Mg? and GTP. The alkylating agent, N-ethylmaleimide (NEM), had
been introduced by Harden et al. (1982) to compromise the function-
ing of G.-mediated processes in cardiac membranes. Conditions were
devised that allowed an analogous mild treatment of fat cell mem-
branes with this agent (Yeung et al., 1985a). Following such treat-
ment, it was observed that the ability of Mg?* to reverse the effect of
GTP on binding was eliminated, whereas the ability of GTP to regu-
late binding was retained. The functional correlate to these observa-
tions was that the ability of adenosine agonists to inhibit adenylate
cyclase was abolished. On the other hand, nonhydrolyzable guanine
nucleotide analogs retained their ability to inhibit the enzyme follow-
ing this treatment, which was taken to suggest that at least one aspect
of G~C coupling was not impaired. In addition, the fact that GTP
continued to regulate receptor binding suggested that at least one
measure of R~G;, coupling was retained. Thus, the ability of the sep-
arate R-G, and G—C coupling events to result in the regulation of
catalytic activity by receptors had been eliminated. The fact that this
“uncoupling” was associated with the elimination of the ability of
Mg? and GTP to interact at the level of binding regulation led to the
proposal that this effect of Mg?* on binding was a monitor of an event
that was central to the integration of inhibitory receptor occupancy
with adenylate cyclase regulation (Cooper et al., 1984, 1985; Yeung
et al., 1985a,b). A less mechanistic interpretation of these findings
might simply be that nonhydrolyzable guanine nucleotide analogs
should not necessarily be expected to mimic GTP in every circum-
stance.

Studies that were performed with detergent-solubilized prepara-
tions of cortical membranes (Perez-Reyes and Cooper, 1986) sup-
ported the contention that the interplay between Mg?* and GTP was
critical, and reinforced the conclusion on the importance of the role
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played by Mg? and the merit in identifying its site and mode of action
(Yeung et al., 1985a,b; Cooper et al., 1985) Not all interactions be-
tween Mg?* and GTP may be considered of regulatory significance.
As discussed elsewhere (Cooper, 1988), Mg?* can promote the hy-
drolysis of GTP by nonspecific nucleotide phosphohydrolases, lead-
ing to the elimination of GTP and its effects, unless steps are taken to
protect the nucleotide.

Current views from studies of other receptors that are linked to
adenylate cyclase suggest that low affinity receptors may represent
free receptors, whereas high affinity forms may represent recep-
tor—G-protein complexes (Smith and Limbird, 1981; Kilpatrick and
Caron, 1983). Stated explicitly, it is believed that receptors may exist
either free, or coupled to G-proteins; hormones bind preferentially to
R-G forms (which exhibit high affinity for agonists). Mg?* promotes
the formation of these states, whereas GTP stimulates the liberation
of free receptor (which exhibits low affinity for agonists) and G-pro-
teins. These contentions are coupled with the proposition that hor-
mones act to free G-proteins of prebound GDP and allow occupancy
of G-proteins by GTP. GTP then occupies the G-protein and stimu-
lates the dissociation of the hormone from its receptor. In so doing,
it promotes low affinity binding states (Ross and Gilman, 1980;
Rodbell, 1980; Caron et al., 1985). Most of the experimental data
available from solubilization/reconstitution studies support this view,
which provides a testable description of the system, even though
problems are encountered when trying to extrapolate from studies that
have been performed in detergent solution to the situation that per-
tains in unperturbed plasma membranes. For example, although
weakened associations between receptors and G-proteins may be
detected in detergent solution following the application of the regu-
lator, such as GTP, such observations do not necessarily imply that
actual association and dissociation of these components occurs in
intact plasma membranes. It is possible that, in native membranes,
strong interactions between components could be converted by GTP
to weaker interactions, without leading to actual dissociation of the
components. Nevertheless, aside from these reservations upon the
interpretation of Mg?/GTP effects on binding, the experimental
observations remain consistent features that may be important clues
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to the structural and regulatory events associated with the regulation
of adenylate cyclase activity.

4.2, Effects of Pertussis Toxin Treatment

Since the regulation of A, receptor binding by GTP (and there-
fore the functional response mediated by A, receptors, i.e., inhibition
of adenylate cyclase; Londos et al., 1980) is mediated through Gi,
Bordetella pertussis toxin, which eliminates G,-mediated processes,
would be expected to modulate the effect of GTP on agonist binding
(Kurose et al., 1983). This prediction has been fulfilled. Generally,
the binding isotherms that are observed in the absence of regulators
are converted to those that are observed in the presence of GTP fol-
lowing pertussis toxin treatment, i.e., low affinity binding is gener-
ated (Kurose et al., 1983).

When extensive binding isotherms were performed on the fat
cell Al receptor, following treatment of intact fat cells with the toxin,
the distribution between high and low affinity states that was observed
in control membranes was shifted towards predominantly low affinity
states. Asaresult, the effectof GTP in promoting the formation of low
affinity states was muted. This finding is the widely encountered ef-
fect of the toxin treatment. However, the ability of Mg?* ions to in-
duce high affinity binding states of the receptor was quite unperturbed
(D. M. F. Cooper, unpublished observation). Thus, it might be con-
cluded that pertussis toxin affected only the resting distribution of A,
receptors between high and low affinity states, thereby compromising
the magnitude of the GTP effect, without modifying the Mg?* effect.
The earlier findings with the fat cell A -receptor had led us to believe
that the Mg?* effect on binding was a sensitive monitor of the ability
of the receptor occupancy signal to be translated into an inhibition of
adenylate cyclase activity (Yeungetal., 1985a,b; Cooperetal., 1984,
1985; see above). Consequently, the toxin effect on binding is diffi-
cult to reconcile with its effect on receptor-mediated inhibition of
adenylate cyclase activity. Treatment with the toxin does inhibit the
GTPase activity of the G,-protein, which seems essential for the
inhibitory effects of hormones. Consequently, the inhibition of the
GTPase activity, which correlates with the diminution of the effect of
GTP on binding, suggests that the ability of GTP to transduce the
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signal of receptor occupancy to the catalytic unit of the cyclase is
compromised. However, the lack of effect of the toxin on the regu-
lation by Mg?, which seemed from the earlier studies to be a vital
aspect of inhibitory regulation, stresses the need for caution in at-
tempting to assign priorities to, or to integrate into regulatory cycles,
partial reactions of that cycle.

5. Cyclic AMP-Independent Effector Systems
Regulated by Adenosine Receptors

The study of neurotransmitters and hormones other than adeno-
sine indicates that these substances are often coupled to more than one
effector mechanism. This raises the posssibility that the activity of
effector systems other than adenylate cyclase/cyclic AMP may be
regulated by adenosine. In this section, preliminary evidence is pre-
sented indicating the coupling of adenosine receptors to several
“novel” signaling systems.

5.1. Effects of Adenosine Analogs
on Plasma Membrane Ion Channels

A growing body of evidence suggests that adenosine receptors
are coupled to plasma membrane ion channels. Though this evidence
is not always compelling, the available data are presented in this
section in terms of the following most common means whereby re-
ceptor binding of an agonist may alter the activity of plasma mem-
brane ion channels:

1. The receptor binding site and the ion channel are within the
same protein complex, such that binding of the agonist results
inchanges in channel activity, probably via protein conforma-
tional changes, e.g., the nicotinic cholinergic receptor—cation
channel (Changeux et al., 1984)

2. Receptorbinding leads to the modification of the activity of an
intramembrane intermediate that directly regulates ion chan-
nel activity, e.g., the atrial, inwardly rectifying, potassium
channel that is coupled to adenosine and acetylcholine recep-
tors via a guanine nucleotide-binding protein (see below) and

3. Receptor binding results in the production of an intracellular
messenger (e.g., cyclic AMP, Ca?), which regulates ion
channel activity, either directly—e.g., the calcium-dependent
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potassium channels present in a variety of cells (Petersen and
Maruyama, 1984)—or indirectly, e.g., a ventricular calcium
channel that is coupled to B-adrenergic receptors via changes
inintracellular cyclic AMP-dependent protein kinase activity,
which via phosphorylation processes modifies channel acitiv-
ity (Kameyama et al., 1985).

Adenosine regulates ion channel activity by these latter two
mechanisms in several cell types, with its actions on cardiac cells
being probably the best characterized. In the ventricles, adenosine
antagonizes the actions of B-adrenergic agonists on the slow calcium
inward current via a cyclic AMP-dependent mechanism (Isenberg et
al., 1987). Adenosine also increases potassium conductance in pace-
maker cells and atrial muscel, but not in ventricular cells (West et al.,
1987), apparently via a mechanism involving a GTP-regulatory pro-
tein (see below for discussion). The effects of adenosine on cardiac
calcium and potassium currents account, at least in part, for the nega-
tive chronotropic, dromotropic, and inotropic actions of adenosine on
the heart.

5.1.1. Effects on Cardiac Potassium Channels

As mentioned above, adenosine, and its derivatives, apparently
regulate cardiac potassiumion (K*) channel currents by a mechanism
involving intramembrane intermediates, rather than intracellular
messengers. The evidence for this mechanism derives from several
studies that are discussed below.

Kurachi et al. (1986a,b) extensively studied the effects of adeno-
sine and acetylcholine (ACh) on guinea pig atrial cell potassium
channels. Measurements of potassium currents in the whole-cell and
cell-attached membrane patch configurations revealed adenosine-
and ACh-induced currents, which displayed the same relaxation
times and current—voltage dependencies, indicating that the same or
a kinetically similar current is activated by these two agents. Upon
excision of the patch, producing an “inside-out” patch, adenosine-
and ACh-responsive currents were not detectable, when GTP and
Mg?* were absent from the bathing solution to which the intracellular
face of the membrane was exposed. Addition of either GTP or Mg?*
alone to the bath solution did not result in recovery of adenosine- or
ACh-sensitivity. However, the combination of both agents restored
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adenosine- and ACh-responsiveness. When the A subunit of preacti-
vated pertussis toxin was added to the internal solution, the adenosine-
and ACh-induced currents gradually disappeared. GTPYS, in the
presence of Mg?, slowly (within 10-15 min) induced an outward
current with characteristics similar to those of the adenosine- and
ACh-induced current. The activation by GTPYS was irreversible and
persisted following the removal of GTPYS and Mg from the bathing
solution. The presence of cyclic AMP in the internal solution did not
significantly alter channel opening, which indicated that the effects of
adenosine and ACh in the whole (intact) cell were not mediated by
changes in intracellular cyclic AMP concentration, and ultimately
PK-A activity. Since the calcium concentration in the internal solu-
tion was held constant throughout the procedure, the effects of adeno-
sine and ACh on channel activity were apparently not mediated by
changes in intracellular calciumion concentrations. The authors con-
cluded that activation of potassium channels in guinea pig atria by
adenosine and ACh is mediated by the o subunit, rather than by the 8
and/or vy subunit(s), of a Mg?* -dependent guanine nucleotide-binding
protein. This conclusion is based on the observation that  and/or y
subunits liberated by B-adrenergic receptor activation of G, appar-
ently do notregulate channel opening, as B-adrenergic agents have no
effect on this current.

These results strongly indicate that adenosine and AChreceptors
are coupled to the same population of K* channels in the guinea-pig
atria via a pertussis toxin-sensitive G-protein, and that the transduc-
tion mechanism linking the receptor and the channel is cyclic AMP-
and Ca?*-independent. The full identification of the molecular mech-
anism coupling adenosine receptors and atrial, inwardly rectifying,
potassium channels is not presently known. Recent studies, however,
have begun to elucidate the mechanism involved in coupling musca-
rinic receptors (and, thus, presumably adenosine receptors) to these
channels, but controversy remains as to the exact molecular species
that activates the channel.

Yatani et al. (1987a,b) studied the effects of the addition of
purified G-proteins on potassium currents in “inside-out” membrane
patches from guinea pig atrial cells. These currents displayed the
same kinetic characteristics as the potassium currents that were in-
duced by ACh in the same patches. In the presence of Mg?*, addition



Adenosine Signal Transduction 123

of preactivated (with guanine nucleotides) G, (a pertussis toxin-sen-
sitive, guanine nucleotide-binding protein purified from erythrocytes,
having an a subunit of 40,000 dalton mol wt) to the bathing solution
led to the opening of the potassium channels, whereas addition of
unactivated G, was without effect. Neither preactivated nor unacti-
vated G (purified from human erythrocytes) affected the K* currents.
GTPyS-activated G (a pertussis toxin-sensitive guanine nucleotide-
binding protein purified from bovine brain; Sternweis and Robishaw,
1984) was less than 5% as effective as was GTPyS-activated G, in
opening the potassium channels. These investigators also reported
that tetradecanoyl phorbol ester, a PK-C activator, did not affect the
K* channel current. In addition, substitution of AMPP(NH)P (adenyl-
5ylimidodiphosphate) for ATP in the bath solution did not affect the
activation of the K* currents by G. These results indicate that the
action of the purified G, is direct, i.e., itis independent of PK-C or PK-
A activation and subsequent phosphorylation of a channel-associated
protein.

Codina et al. (1987), employing the same procedure as Yatani et
al. (1987a,b), investigated the effects of purified G-protein subunits
on atrial potassium currents. Addition of GTPYS-complexed o sub-
units purified from erythrocyte G, induced by preactivated G,. In
addition, the GTPyS-complexed o subunits were equipotent on a
molar basis with preactivated G, Additions of the By subunit dimer
prepared from erythrocytes, in concentrations approximately 1000 x
greater than those required to observe an effect of the o subunit, were
ineffective at eliciting channel opening. The authors concluded that
the o subunit of G, rather than the By subunits, regulates channel
opening.

In contrast to the conclusions of Kurachi et al. (1986a,b), Yatani
et al. (1987a,b), and Codina et al. (1987), Logothetis et al. (1987a,b)
conclude that the By subunits of G, control the activity of the atrial,
cholinergic-sensitive, K* channel. These investigators measured po-
tassium channel currents in inside-out membrane patches excised
from 14-d embryonic chick atrial cells. Addition of purified By sub-
units to the medium bathing the intracellular face of the membrane
increased the frequency of channel openings, whereas addition of
purified “a,,” or “o1,,” to the medium did not. The effect of the fysub-
units was prevented by preincubation of the subunits with an excess
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of o subunits, indicating that complexed By subunits are incapable of
activating the channel. Though these results appear in sharp contrast
to those of Birnbaumer and colleagues, the issue may be reconciled if
the stimulatory effect of the By subunits observed by Logothetis et al.
was the result of By “‘chelation” of an inhibitory o subunit. That is, By
subunits may act indirectly by “disinhibiting” the channel. If such an
inhibitory G-protein exists, it could be activated by an endogenous
inhibitory hormone or neurotransmitter (e.g., adenosine—see 6.5.
below), which was not washed out by the bathing medium. Alterna-
tively, the “purified” By subunits used by Logothetis et al. may have
been contaminated with sufficient quantities of stimulatory o sub-
units to open the channel.

Thus, there is a compelling body of evidence suggesting that
adenosine and ACh receptors in atrial cells directly regulate inwardly
rectifying potassium channels by a pertussis toxin-sensitive, Mg?*-
dependent, guanine nucleotide-binding protein, which is the same as,
or very similar to, the previously characterized “G,”-protein that
regulates adenylate cyclase.

5.1.2. Effects on Calcium Channels

In addition to its actions on potassium channel currents, adeno-
sine also regulates calcium channel currents in some cells. However,
the signal transduction mechanisms linking adenosine receptors to
many of these channels remain uncharacterized.

In guinea pig atrial and ventricular myocytes, adenosine inhibits
an inward calcium current. The observation of this effect in ventricu-
lar myocytes is dependent on the prestimulaton of the current by
agents that elevate intracellular cyclic AMPlevels (e.g., B-adrenergic
drugs or forskolin), whereas in atrial myocytes the effect can be
observed in the absence of these agents (Isenberg et al., 1987). Thus,
the mechanisms by which adenosine regulates the activity of the
current in the ventricle is apparently cyclic AMP-dependent, but the
mechanism involved in the atrial cells is apparently cyclic AMP-
independent. This conclusion is supported by the data of Bohm et al.
(1984), whoreported that adenosine not only antagonized the positive
inotropic action of isoproterenol on the guinea pig left auricle, but also
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produced a strong negative inotropic effect in unstimulated auricles,
while having little or no effect on basal or isoproterenol-stimulated
cyclic AMP content of the tissue. However, it should be noted that
adenosine did inhibit isoproterenol-stimulated adenylate cyclase
activity in atrial particulate fractions.

Dolphin and colleagues (Dolphin and Scott, 1987; Scott and
Dolphin, 1987) have studied the effects of 2-chloroadenosine (2-
CADO) on whole-cell calcium currents in cultured rat dorsal root
ganglia. These investigators found that 2-CADO acting via an A
receptor, inhibited both a low-threshold (activated between —40 and
-30 mV) and a high-threshold (activated at about 0 mV) calcium
current, with the high-threshold current appearing to be more sen-
sitive to the action of adenosine. The same, or kinetically similar,
calcium currents were also inhibited by the selective GABA ago-
nist, baclofen. Several results indicate that the effects of adenosine
and baclofen are not the result of altered (decreased) intracellular
cyclic AMP levels, but are the result of a direct action of a G-
protein(s), which couples GABA and A, receptors to the channel(s).
Neither the presence of cyclic AMP in the patch pipet, or forskolin
in the medium bathing the cells affected the amplitude of the maxi-
mal calcium current or its degree of inactivation during the voltage
step. In addition, the effect of baclofen (and presumably adenosine)
in control cells was not reduced by cyclic AMP or forskolin applica-
tion. Inclusion of GTPYS in the pipet solution in equilibrium with the
intracellular compartment increased the inhibitory response to 2-
CADO compared to control (non-GTPYS-treated cells), whereas in-
troduction of GDPPS into the intracellular space decreased the re-
sponse to 2-CADO. The effect of GTPYS was prevented by treatment
of the cells with pertussis toxin. GTPYS alone induced a largely
noninactivating calcium current, similar in properties to the previ-
ously characterized “L” calcium current (Nowycky et al., 1985). The
current(s) observed in the presence of GDPBS appeared to be analo-
gous to the “N” and/or “T” calcium currents described by these
workers. These results indicate that 2-CADO (and baclofen) regu-
lated the activity of calcium channels (in particular “L” calcium
currents) in these cells by a direct mechanism involving a guanine
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nucleotide-binding protein. However, they do not exclude the possi-
bility that the effects of both agents are mediated by PK-Cor by altered
intracellular Ca?* levels.

Adenosine has also been shown to inhibit calcium channels in
other cell types. In hippocampal CA3 neurons (Madisonetal., 1987),
2-CADOQO inhibited and “N-like” calcium channel without affecting
“T-like” or “L”-like calcium currents. In GH, pituitary tumor cells,
adenosine A receptors have been demonstrated to inhibit a thyrotro-
pin releasing hormone-stimulated calcium channel by a pertussis
toxin-sensitive mechanism (Cooper et al., 1989). However, the exact
molecular mechanisms coupling adenosine receptors to such chan-
nels is presently unclear.

5.2. Effects on Phosphatidylinositol Metabolism

The growing awareness of the importance of inositol phosphates
in Ca?*-mediated signaling has prompted an examination of the ef-
fects of adenosine analogs on the levels of these substances in neu-
ronal preparations. In rat striatal minces, adenosine analogs have
been found to inhibit the histamine-stimulated accumulation of inosi-
tol monophosphate (Petcoff and Cooper, 1987). A similar finding has
been encountered in mouse cerebral cortical slices (Hill and Kendall,
1987a). By contrast, in guinea pig cerebral cortical slices, adenosine
analogs augment histamine-stimulated inositol monophosphate
accumulation (Hill and Kendall, 1987b). Itis not believed that these
results reflect a direct effect of the adenosine analogs on phospho-
lipase C activity, but rather, that turnover of the phosphatidylinositol
pool is inhibited or stimulated by the analogs, as the result of altered
intracellular calcium concentrations that are mediated by adenosine
effects on ion channels.

5.3. Cyclic AMP-Independent Effects
of Adenosine on Adipocytes

The adipocyte has proven a fertile ground for the unraveling of
important endocrine regulatory mechanisms. The activity of these
cells is regulated by several hormones and neurotransmitters, includ-
ing insulin, ACTH, adrenergic agonists, and adenosine. Until re-
cently, adenosine was thought to regulate adipocyte functioning
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solely as the result of its inhibition of adenylate cyclase activity (and
consequent decreases in the intracellular cyclic AMP concentration).
However, studies by Londos and colleagues during the last few years
have demonstrated that the effects of adenosine on the adipocyte
appear also to be mediated by cyclic AMP-independent processes.
These investigators developed an improved method for the isolation
of metabolically active fat cells, in which the cyclic AMP dependence
and independence of the effects of various agents can be reproducibly
studied. The reader is referred to a recent chapter by Londos (1988)
for a thorough discussion of this procedure and the understanding of
the regulation of fat cell functioning that has been gained from studies
in which it has been employed. In the present chapter, only a brief
discussion of the actions of adenosine that have been demonstrated in
these studies will be presented.

The effects of the adenosine A, agonist, R-PIA, on adipocyte
cyclic AMP concentrations were determined by measuring changesin
the -CAMP/+cAMP activity ratios of PK-A. In these cells, the anti-
lipolytic effects of R-PIA were fully described by changes in the
activity of PK-A, i.e., they were fully cyclic AMP-dependent. How-
ever, R-PIA exerted several other effects on the fat cell that were
apparently cyclic AMP-independent. Most notably, it increased the
sensitivity of the cell to insulin, as measured by a decrease in the EC,
values for both inhibition of lipolysis and stimulation of plasma
membrane glucose transport by insulin. Neither of these effects of R-
PIA were related to changes in the activity of PK-A. Thus, the effects
of adenosine A, agonists on the fat cell are both cyclic AMP-depend-
ent and cyclic AMP-independent. The exact molecular mechanisms
involved in the cyclic AMP-independent actions of PIA are unclear,
but they appear to be mentioned by G-like, GTP-binding proteins.

5.4. Cyclic AMP-Independent Effects
of Adenosine on Neurotransmitter Release

Studies by Fredholm et al., (1986), Dunwiddie and Proctor,
(1987), and others have appeared recently indicating that neurotrans-
mitter release in a variety of tissues is negatively regulated by adeno-
sine derivatives in a cyclic AMP-independent fashion. Such an effect
is quite consistent with current perceptions on the role of “cyclase
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inhibitory” receptors within the nervous system; i.e., it is generally
believed that cyclase inhibitory receptors (e.g., 02-adrenergic) are
located presynaptically and act as negative regulators of neurotrans-
mitter release, possibly as the result of the direct inhibition of voltage-
activated Ca-channels and/or activation of K* currents, both of which
would lead to decreased Ca?* influx and, consequently, decreased
neurotransmitter release (Scholfield, 1986).

5.5. Other Apparently
Cyclic AMP-Independent Effects of Adenosine

Several otherisolated reports have recently indicated thatadeno-
sine elicits various effects in an apparently cyclic AMP-independent
manner, €.g., adenosine potentiates the release of mediators from rat
mast cells (Church and Hughes, 1985; Church et al., 1986; Griffiths
and Holgate, 1990). A thorough discussion of each of these reports
is beyond the scope of the present chapter. The reader is referred to
the comprehensive review by Ribeiro and Sebastiao (1986) for a dis-
cussion of several of these effects.

6. Strategies for Implicating and Characterizing
the Involvement of a GTP-Regulatory Protein
in a Transduction Mechanism

The increasing evidence of adenosine receptor coupling to a va-
riety of cyclic AMP-independent signaling processes, combined with
the increasing discovery of novel GTP-regulatory proteins (as judged
by the discovery of cDNA-coding sequences that are analogous to, but
different from, the already known GTP-regulatory proteins, the puri-
fication of novel GTP-binding proteins or pertussis toxin substrates,
and the variety of both cholera and pertussis toxin substrates that can
be seen on two-dimensional gels), raises the problem of the strategies
that are available for identifying the GTP-regulatory proteins that
mediate particular signal transduction processes. The tools currently
available are crude, but it is conceivable that some of those that have
proven useful in discovering the role of GTP-regulatory proteins in
the regulation of adenylate cyclase may prove useful in determining
the type of regulatory protein involved in other processes.
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6.1. NEM Treatment

The amino acid sequence information that is currently emerging
on novel, putative GTP-regulatory proteins indicates a sharp degree
of conservation of structure. It is possible from these sequences, for
instance, to predict whether the particular protein will possess an
ADP-ribosylation site for cholera or pertussis toxin, or both (Sullivan
etal., 1986). Fromthe sequences that are currently reported, it appears
that many putative GTP-regulatory proteins possess cysteine groups
that appear to have been the target for alkylating agents, such as NEM,
in studies that were performed on the regulation of cardiac and adipo-
cyte membrane adenylate cyclase activity (e.g., Harden et al., 1982;
Yeung et al., 1985a; see section 4.1. above for discussion). The pos-
session of such groups makes it likely that such alkylating agents will
continue to prove useful in probing the role of GTP-regulatory pro-
teins in particular processes, even in situations where specific toxins
are not available.

6.2. Toxin Treatments

Pertussis toxin ADP-ribosylates several proteins of varying
apparent mol wt, including G,, from a variety of cell types, yet the
effector system(s) coupled to many of these proteins is unknown.
Preliminary studies, however, indicate that at least one of these sub-
strates is coupled to plasma membrane calcium channels. G
(Sternweis and Robishaw, 1984) appears to couple D-Ala?, p-Leu’-
enkephalin (DADLE) receptors to voltage-dependent calcium chan-
nels in neuroblastoma X glioma cells (Hescheler et al., 1987). The
demonstration of this coupling was dependent on the restoration of
DADLE-sensitivity to pertussis toxin-treated cells by the addition of
the purified o subunit of G_ to the assay medium. This same strategy
may be anticipated to be applied to the study of the regulation of
several other pertussis toxin-sensitive processes. That is, the ability
to demonstrate the reversal of the effects of pertussis toxin on the
regulation of a process by a known agonist, following the addition of
a purified pertussis toxin substrate to the assay medium, would be
strong evidence for the potential involvement of that G-protein in the
transduction of the signal in the intact, undisturbed cell. By a similar
strategy, the effector systems regulated by identified cholera toxin
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substrates could be studied. Through rigorous studies of the effects
of each of the identified pertussis toxin and cholera toxin substrates on
a variety of toxin-sensitive mechanisms, it will become possible to
generate relative activity ratios for the regulation of the processes by
these proteins. Such strategies are among the few that are currently
available for determining which particular toxin substrate regulates
particular processes. It will be tempting to speculate that the most po-
tent substrate is the physiological regulator of the process under study.
However, the demonstration of lesser or greater affinities in such a
study are not proof of specific associations in the intact cell. More
sophisticated techniques will be required to provide less equivocal
insights.

6.3. Regulation of Binding by GTP and Mg*

As discussed above, the regulation of the binding of adenosine
analogs by GTP and Mg has proven to be a useful tool in the study
of the regulation of adenylate cyclase activity by adensoine. Similar
strategies can be employed, noting the potential pitfalls discussed
above, in the characterization of the coupling of adenosine receptors
to effector systems other than adenylate cyclase. Studies of the effects
of GTP and Mg? on the binding characteristics and physiologic ef-
fects of several recently developed, structurally diverse, adenosine
analogs (see section 6.4. below) will aid in the definition of receptor
subtypes and the elucidation of the subtle structural and functional
differences, or similarities, between these subtypes, which may cor-
relate with their abilities to couple to different, or the same, effector
systems. Data obtained from NEM, toxin, and binding experiments
can then be integrated into a working model of a cell’s responses, in
which different receptor subtypes may be coupled to various effector
systems, while eliciting an integrated cellular response to a single
extracellular messenger.

6.4. The Need for More Selective/Discriminating Ligands
in Identifying Novel Subtypes of Adenosine Receptors
Recent reports indicating that adenosine receptors control proc-
esses other than adenylate cyclase activity raise the possibility that,
like the adrenergic receptor system, adenosine receptors will be found
to exhibit more subtypes than the two (i.e., A, and A)) that are cur-
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rently recognized. Indeed, numerous studies (see Ribeiro and Sebas-
tiao, 1986; Bruns et al., 1987a) have reported adenosine analog and
antagonist potency series for specific physiologic responses that seem
incompatible with a simple two-receptor subtype system. However,
it should be noted that caveats can be raised regarding pharmaco-
dynamic differences between individual tissues that may influence
the measurement of complex physiological events.

A prerequisite to addressing the hypothesis of the existence of
multiple adenosine receptor subtypes is the development of more
selective adenosine analogs (both agonists and antagonists) and more
sensitive means to measure subtle differences in binding regulation
and physiologic effects. Recently, Bruns and colleagues (Brunsetal.,
1986; Bruns et al., 1987a,b,c) and Olsson and colleagues (Daly et al.,
1986; Paton et al., 1987; Ukena et al., 1987) have synthesized a series
of adenosine analogs and performed extensive characterization of
their binding to plasma membranes. Comparison of the regulatory
characteristics and analog preference series of the binding of these
agents indicates that notall A and A, receptors are the same, and that
more subtypes of adenosine receptors may occur than are presently
recognized (Brun et al., 1987a; Williams, 1990). These studies rep-
resent an important initial step in the development of discriminating
agents for the characterization of adenosine receptor subtypes. Sub-
sequent studies are needed on the effects of these agents on the activity
of “novel” signaling systems, in order to define more clearly the po-
tentially novel receptor subtypes that may be linked to these effectors.

6.5. Technical Difficulties in Studying Adenosine Receptor-
Mediated Processes: The Role of Endogenous Adenosine

It is important to acknowledge that many of the physiological,
structural, and regulatory studies that have been performed with
adenosine may have been confounded by the presence of the nu-
cleoside, which may either be present in the biological material being
assayed or may be generated from nucleotide precursors in the assay.
It is to be anticipated that these problems will continue to confound
studies on the regulation by adenosine of novel processes. In several
studies on adenosine receptor binding and regulation of adenylate cy-
clase activity, these problems have been tackled by two approaches:
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1. The use of adenosine deaminase to metabolize adenosine to
inosine, which is ineffective at adenosine receptors, or

2. Theuse of substrates other than ATP which avoids the genera-
tion of adenosine. These strategies are equally applicable to
the study of new receptor subtypes linked to “novel” signaling
devices, and thus will be discussed in some detail.

The inclusion of adenosine deaminase in adenylate cyclase as-
says (Londos and Preston, 1977) permitted the effects of nondeamina-
table (e.g., N°-substituted compounds) or deaminase-resistant (e.g.,
5' -N-ethylcarboxamide adenosine) adenosine analogs to be ob-
served. This is an adequate solution for most situations, although it
should be borne in mind that some drugs may act to inhibit adenosine
deaminase activity. This latter possibility, if not considered, could
give rise to some dramatic misinterpretations of the mode of action of
the compound. Anaddtional consideration when using adenosine de-
aminase is that some adenosine analogs may be competitive inhibitors
of the enzyme. The effects of such compounds could be the result of
both a direct (receptor) action and the accumulation of endogenous
adenosine. The use of adenosine deaminase has also been introduced
in binding studies, since most adenosine receptor ligands are poor
substrates for adenosine deaminase (Schwabe and Trost, 1980). In
order to study the effects of adenosine itself, adenosine deaminase
cannot be used. In this situation, 2 deoxy ATP can be used as an ad-
enylate cyclase substrate and 2" deoxy cyclic AMP used to protect
newly formed [*2P-]2' deoxy cyclic AMP from the activity of PDE
(Cooper and Londos, 1979). In contrast to the ability to overcome the
problem of endogenous adenosine in physiological and regulatory
studies, it continues to confound solubilization studies (see section
3.1.). A detailed account has been presented (Cooper, 1988) on the
implications and difficulties posed by endogenous adenosine in solu-
bilization studies. The reader is referred to that source for a presen-
tation of those details. In the present context, only the regulatory
implications of endogenous adenosine will be considered.

It is tempting to speculate that adenosine may be found to regu-
late previously “unresponsive” systems, if adequate steps are taken to
eliminate endogenous adenosine from the experimental system. In
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many situations, multiple receptors occur on cells that are capable of
regulating individual transduction processes. Generally, the com-
bined effects of a range of hormones are nonadditive. Therefore, in
the presence of endogenous adenosine, it is possible that the effects of
other ligands are obscured. A further implication of the presence of
endogenous adenosine is that systems may be permanently (either
partially or fully) activated (or inhibited), thus rendering the interpre-
tation of basal activity states difficult. Such chronic occupancy of
adenosine receptors could also give rise to desensitization—not only
of adenosine receptors, but also other receptors that are present in the
same cell by heterologous mechanisms, as recently detailed by Sibley
etal. (1987). Itis also conceivable that adenosine receptor activation
of processes could lead to an ambiguous interpretation of the regula-
tion of the system. For instance, if GTP-regulatory proteins do exert
their effects by chelation mechanisms, as well as by the direct inter-
action of their o subunits with target enzymes, then activation by
endogenous adenosine could lead to an association of o subunits with
a target enzyme. This would then give rise to the possibility that the
addition of an exogenous fysubunit would show reversal of the stimu-
latory or inhibitory effects of the a subunits, i.e., “inhibition” or
“activation” (“disinhibition”), respectively. If the possibility that
such effects were at work were overlooked, then inappropriate inter-
pretations could be placed on the findings that By subunits directly
activated or inhibited the process (e.g., see section 5.3. above).

7. Future Directions

The future of structural and functional studies on the adenosine
receptors awaits their purification. If stable and functional receptors
are to be purified, it is likely that they will be antagonist-stabilized
forms. Hydrodynamic analysis of antagonist-binding forms of the
purified receptor will provide key information on the minimal size of
a functional receptor. If function is not the first goal following puri-
fication, then upon the unequivocal demonstration that a photolabeled
protein is all or part of the receptor, purification of this protein will be
akey development. The production of specific antibodies against na-
tive and denatured configurations of the receptor will assist in the per-
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formance of mechanistic, morphological, and developmental studies.
Following the purification of the receptor, the problems that remain
to be resolved are those of amore cell biological nature. (Forexample,
how is the receptor configured in the cell to perform its physiological
function?) Several receptors that are linked to adenylate cyclase
have now been purified to homogeneity. Their cDNA sequences and
implied amino acid sequences have been obtained. The GTP regula-
tory proteins that transduce their cellular signal have also been puri-
fied and cloned. The problems that remain to be resolved for these
systems are the same as those for the adenosine receptor system. How
is the association between the receptor and its regulatory proteins(s)
maintained in the intact cell, how are these interdependent proteins
expressed developmentally and genetically, and how are they config-
ured in the plasma membrane to be at the point at which they are most
effective in terms of receiving extracellularinput? Clues available for
the resolution of some of these ultrastructural issues may be provided
from such functional interactions as those demonstrated in the inter-
action between Mg?* and GTP in regulating receptor binding. Under-
standing the structural basis to these nuances of binding regulation
may be a key element in understanding the significance of partial
reactions in the regulation of adenylate cyclase activity along with the
structural implications of these reactions. Some of what may seem
currently to be extraneous regulatory subtleties may turn out to be
sensitive determinants of the association of receptors with additional
cofactors.

Another broad area that will need to be approached in the future
is the full range of adenosine responses. How many processes does
it actually regulate, how many receptor subtypes and G-proteins are
involved, and are the receptor subtypes pluripotential? The recent
reports of several cyclic AMP-independent actions of adenosine raise
a multitude of questions about the mechanism by which information
isintegrated by the cell, e.g., how is the regulation of several signaling
systems by a single extracellular messenger integrated into a coordi-
nated cellular response? Integration of signaling must occur both
within the plasma membrane, prior to the generation of intracellular
messenger, and within the intracellular space, subsequent to the gen-
eration of these messengers. It is hoped that application of the strate-
gies discussed above will be useful in addressing such issues.
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CHAPTER 5

Electrophysiological Aspects
of Adenosine Receptor
Function

Thomas V. Dunwiddie

1. Introduction

Within the past decade, the importance of adenosine as a regu-
lator of cellular activity in a variety of physiological systems has
become increasingly apparent. Although some of adenosine’s actions
were recognized over 50 years ago (Drury and Szent-Gyorgyi, 1929),
it has only been relatively recently that the nature of these actions, the
receptors that are involved, and the mechanisms by which receptor
occupation is translated into physiological responses have been ex-
plicitly described. Although adenosine receptors have now been
found in many different tissues, much of the early interest in this area
focused around the central nervous system (CNS), in part because of
the high concentrations of adenosine receptors in the brain, and be-
cause of the profound physiological actions of purines on the activity
of the CNS. Historically, the observation by Sattin and Rall (1970)
that adenosine stimulated the formation of cyclic adenosine 3', 5'-
monophosphate in brain slices, and that methylxanthines, such as
theophylline and caffeine, were competitive pharmacological antago-
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nists of this response, was instrumental in stimulating much of the
recent interest in adenosine.

At the descriptive level, adenosine and adenosine analogs have
a variety of effects upon neuronal activity, both in the central as well
as the peripheral nervous system. Adenosine inhibits the spontaneous
firing of neurons in many different brain regions, can modulate the
efficacy of synaptic transmission by altering transmitter release, and
in both neuronal and nonneuronal cells, has been shown to regulate
the activity of ion channels that are selective for potassium and cal-
cium ions. In the majority of cases, these responses appear to be
mediated via extracellularly directed, highly specific, high affinity
receptors for adenosine that have been identified on the basis of ligand
binding studies (Williams and Jacobson, 1990). What remains to be
determined in many of these cases is which adenosine receptors are
involved in these responses, and to characterize the role played by
potential second messengers, such as cyclic AMP.

The physiological role of adenosine as a regulator of cellular
activity in the nervous system has been the subject of several reviews
(Fredholm and Hedqvist, 1980; Phillis and Wu, 1981; Stone, 1981a;
Daly 1982; Fredholm, 1982; Su, 1983; Dunwiddie, 1985; Williams,
1987). Some of the more general aspects of “purinergic” function
have been the subject of several recent volumes (Berne et al., 1983;
Stone, 1985; Stefanovich et al., 1985; Gerlach and Becker, 1987).
This review will make no attempt to summarize this extensive litera-
ture, but rather, will provide a selective discussion of recent develop-
ments concerning the electrophysiological aspects of adenosine ac-
tion, particularly with reference to the ionic mechanisms that underlie
such responses. In this context, we would like to direct attention to
both the similarities and differences that are found in the effects of
adenosine on different physiological systems.

2. Adenosine Effects upon Cellular Physiology

2.1. General Aspects

Many of the early studies concerning the electrophysiological
actions of adenosine on the nervous system used iontophoretic tech-
niques to study the effects of local application of adenosine to neu-
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rons in many different brain regions. Phillis and colleagues (Phillis
et al., 1974; Phillis and Kostopoulos, 1975; Kostopoulos and Phillis,
1977) demonstrated that spontaneous neuronal firing in cerebral
cortex, hippocampus, thalamus, cerebellum, and superior colliculus
was inhibited by the local iontophoretic application of adenosine,
adenine nucleotides, such as 5'-AMP, ADP and ATP, and related
purine compounds, and that such inhibitions were antagonized by
concurrent application of the methylxanthine adenosine receptor
antagonists caffeine and theophylline (Phillis et al., 1979; Perkins and
Stone, 1980). However, it is generally not possible to determine from
these types of studies the mechanisms that are responsible for the
inhibition of cellular activity; adenosine could either inhibit firing via
a direct action upon the neurons tested, most likely by activating a
conductance that would hyperpolarize these cells, or could reduce the
tonic excitatory drive that underlies “spontaneous” firing in some
neurons. More recent experiments have indicated that both of these
mechanisms may contribute; in in vitro experiments, where spon-
taneous firing can occur in the absence of synaptic transmission,
adenosine can still inhibit spontaneous firing (Shefner and Chiu,
1986). However, in addition, adenosine can clearly interfere with ex-
citatory synaptic transmission in a variety of brain regions, and the
loss of this input may lead to a reduction in firing rate as well. The
mechanisms that underlie the inhibitory effects of adenosine on
neuronal firing have been discussed in detail in a previous review
(Phillis and Wu, 1981).

A second and perhaps related action of adenosine that has at-
tracted considerable attention is the purinergic depression of syn-
aptic transmission. Although this phenomenon was originally noted
in the peripheral nervous system, a similar action has now been de-
scribed in the CNS in such regions as the olfactory cortex (Okada and
Kuroda, 1975, 1980; Scholfield, 1978) cerebellum (Kocsis et al.,
1984) and hippocampus (Schubert and Mitzdorf, 1979; Dunwiddie
and Hoffer, 1980; Okada and Ozawa, 1980). Where the pharmacol-
ogy has been characterized to a sufficient degree, the depression of
synaptic transmission appears to be mediated via an adenosine recep-
tor of the A, subtype (McCabe and Scholfield, 1985; Dunwiddie and
Fredholm, 1984; Dunwiddie et al., 1986; Dunwiddie and Fredholm,
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1989). Although depressant effects of adenosine occur in many syn-
aptic systems, there is a considerable range in the maximal extent of
the depression. In the Schaffer/commissural pathway in rat hippo-
campus, the maximal effect is a 95-100% depression of the postsyn-
aptic response (Dunwiddie and Hoffer, 1980; Lee et al., 1983; Dun-
widdie, 1984), in the olfactory cortex the maximal effect is a 70-80%
depression (Scholfield, 1978; Okada and Kuroda, 1980), whereas the
EPSP elicited in the superior colliculus by stimulation of the optic
tract is unaffected by even high concentrations of adenosine (Okada
and Saito, 1979). The mechanism by which adenosine exerts these de-
pressant effects remains unclear. Because the pharmacology is con-
sistent with receptors of the A, subtype, this would suggest that inhi-
bition of adenylate cyclase might play a role, but direct tests of this
hypothesis have been largely negative. The mechanism underlying
the inhibition of transmission is discussed at length in section 2.4.
below.

The third major action of adenosine on neural activity is an inhi-
bition of convulsive activity. Dunwiddie (1980) originally described
the adenosine-mediated inhibition of the rate of penicillin-induced
interictal spiking in the rat hippocampus in vitro, and other groups
have described similar effects (Lee et al., 1984; Haas et al., 1984;
Schubert and Lee, 1986). Although this initially might appear to be
yet another manifestation of an inhibition of synaptic transmission
by adenosine, this is not the case. Either spontaneous or evoked re-
petitive bursting can be maintained in hippocampal slices in the
absence of synaptically released transmitter substances, and even
under these conditions, adenosine has marked anticonvulsant effects
(Haas etal., 1984; Haas and Greene, 1988). It would appear that these
effects reflect direct actions upon ionic conductances in the hippo-
campal pyramidal neurons. It is not clear whether the adenosine-
mediated inhibition of burst rate reflects a direct action on the
mechanism underlying the burst discharges (which may involve
voltage-activated calcium currents) or the activation of an adenosine-
sensitive potassium channel (section 2.2.), which would tend to limit
burst activity.

These three major actions of adenosine—the inhibition of spon-
taneous neuronal activity, inhibition of synaptic transmission, and
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inhibition of convulsive electrical activity—are likely to reflect ac-
tions that are mediated via multiple cellular mechanisms. Two of
the most clearly understood ionic mechanisms of adenosine action,
which involve a reduction in a calcium conductance and an increase
in potassium conductance, certainly could provide mechanistic ex-
planations for these three phenomena. However, the specific ways in
which these cellular mechanisms operate to produce these responses
and the role played by other more complex cellular processes, such as
cyclic AMP formation, the subsequent protein phosphorylation, and
so on, remain to be determined.

2.2, Effects of Adenosine upon Potassium Channels
2.2.1. Direct Effects

Many of the early investigations of the actions of adenosine
reported that it could hyperpolarize neurons, but the mechanism re-
sponsible was unclear, the effects were sometimes transient, and there
was often a high degree of variability between preparations. One of
the first observations in this regard was the study of Tomita and
Watanabe (1973) of the guinea pig taenia coli, in which they observed
a hyperpolarizing effect of purines that was insensitive to changes in
chloride concentrations and was accompanied by a decrease in the
membrane resistance, suggesting mediation via a potassium conduc-
tance. More recent in vitro studies of the CNS have reported that
adenosine has no effect on the membrane potential or conductance
(Scholfield, 1978), can elicit moderate and/or variable hyperpolariza-
tions with similarly variable changes in membrane resistance (Ed-
strom and Phillis, 1976; Proctor and Dunwiddie, 1983; Siggins and
Schubert, 1981; Greene and Haas, 1985), or can consistently hyper-
polarize neurons with an associated decrease in the input resistance
(Segal, 1982). These actions of adenosine are direct postsynaptic
actions, because treatments that block neurotransmitter release have
no effect on such responses (Siggins and Schubert, 1981; Segal, 1982;
Proctor and Dunwiddie, 1983). This original hypothesis of a potas-
sium channel regulated by adenosine receptor agonists is also sup-
ported by biochemical experiments. For example, 2-chloroadenosine
(2-CADO) can be shown to increase the internal negative membrane
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potential of synaptic plasma membrane vesicles (as monitored by the
accumulation of a radioactive organic cation), and this hyperpolariza-
tion is sensitive to K*, but not Cl-gradients (Michaelis and Michaelis,
1981).

Patch-clamp studies on cultured neurons have provided direct
confirmation that adenosine can activate potassium channels in
postsynaptic neurons and have also provided insights into the reasons
for some of the variability in earlier studies. In studies on cultured
striatal neurons, Trussell and Jackson (1985) have described the
activation of a conductance by relatively low concentrations of
adenosine that hyperpolarizes neurons concurrently with increases
in membrane conductance; furthermore, in solutions with altered
potassium concentrations, the reversal potential for this current was
changed in a fashion consistent with mediation via a potassium
conductance. This conductance was also observed to be highly volt-
age dependent, so that, at membrane potentials depolarized with
respect to the membrane potential, the current was attenuated. Some
of the variability attributed to this response in earlier studies
might well reflect this underlying voltage dependence. At the normal
resting potential, the hyperpolarizing responses to adenosine are
usually rather small; if the cell is depolarized, either because of a
poor cell impalement, or by current injection in an effort to in-
crease the hyperpolarizing response, the conductance change would
actually be reduced because of the voltage dependency of this re-
sponse.

In another communication from this same group (Trussell and
Jackson, 1987), several other very interesting aspects of this re-
sponse were reported. The earlier study had noted that, when re-
corded in the whole cell patch mode, the response to adenosine rapidly
decreased with time, particularly if an electrode with a large diameter
tip was used. This suggested that some internal cell constituent was
required in order for adenosine to activate the ion channel, and that
with time this factor diffused out into the pipet and was lost; the more
recent study identified this factor as GTP, which when included in the
patch pipet prevented the loss of adenosine responsivity. Further-
more, since pretreatment with pertussis toxin blocked the subse-
quent adenosine response, this provided evidence for an interaction
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of the adenosine receptor with a guanine nucleotide regulatory protein
(either G, or G ) as an obligatory step in the activation of the ion
channel. Since neither forskolin, dibutyryl cyclic AMP, nor Walsh
protein kinase inhibitor affected the response, it would appear that a
guanine nucleotide regulatory protein couples the adenosine receptor
to the ion channel in such a fashion that cyclic AMP does not play an
intermediary role.

Andrade et al. (1986) reported that a potassium conductance
start with similar properties is activated in hippocampal pyramidal
neu-rons by serotonin, GABA_ agonists, and by adenosine. As in the
preceding study, these receptors were coupled to the ion channel via
a G-type regulatory protein, the response was not sensitive to cyclic
nucleotides, could be blocked by pertussis toxin treatment, and in ad-
dition, could be inhibited by treatment with phorbol esters. Although
the mechanism that underlies the activation of this hippocampal
potassium conductance has been well characterized, neither this study
nor the studies by Trussell and Jackson has provided sufficient evi-
dence to determine whether these responses are mediated via any of
the known adenosine receptor subtypes. Clearly one of the most im-
portant issues that remains unresolved is whether A, and A, adenosine
receptors are coupled to cellular effector mechanisms only through
the G, or G, respectively, act exclusively via cyclic nucleotide-related
mechanisms, and a third, undefined receptor activates a potassium
conductance through G ; or alternatively, either the A, or A, receptor
might be able to act both through G /G,, and through G . If this latter
situation is the case, one might envision adenosine regulating activity
both in the short term, via changes in membrane potential, and in the
longer term via changes in the phosphorylation state of proteins that
are substrates for cyclic AMP-dependent protein kinase. Theseissues
are discussed in greater detail in a recent review (Fredholm and
Dunwiddie, 1988).

Although the preceding studies provide the most unequivocal
evidence for a role of potassium conductance changes in physiologi-
cal responses to adenosine, other studies using more indirect techni-
ques have suggested similar conclusions. For example, 4-aminopyri-
dine (a well-characterized potassium channel blocker) is able to re-
verse the adenosine-mediated inhibition of synaptic transmission,
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low calcium-induced bursting, and reduction in spontaneous neu-
ronal activity (Perkins and Stone, 1980; Okada and Ozawa, 1980;
Stone, 1981b; Schubert and Lee, 1986; Dunwiddie and Proctor, 1987;
Scholfield and Steel, 1988).

Another study with direct relevance to the issue of potassium
channels is that of Akasu et al. (1984), which characterized a syn-
aptically evoked response in cat vesical parasympathetic ganglion
that appeared to be mediated via adenosine receptors. This re-
sponse was a slow hyperpolarization of the postsynaptic cells that
could be antagonized either by competitive adenosine receptor
antagonists, such as caffeine, or by adenosine deaminase, which
would catabolize endogenously released adenosine to the relatively
inactive metabolite inosine. The hyperpolarization was accompan-
ied by a reduction in the input resistance, and was sensitive to the
extracellular concentration of potassium, strongly suggesting that
this response results from an increase in potassium conductance.

Although the primary focus of this review is upon neuronal
adenosine receptors and their associated mechanisms of action, a
complementary picture has developed from the study of adenosine
actions in the heart. In the atrium in particular, adenosine can acti-
vate a potassium conductance that shares many of the character-
istics of that observed in brain (see also Mullane and Williams,
this vol.). Hartzell (1979) initially reported that adenosine activates
a potassium conductance in the frog sinus venosus, and that this
response could be antagonized by methylxanthine adenosine recep-
tor antagonists. Other investigators have demonstrated similar ef-
fects in tortoise, rabbit, and guinea pig atrial tissue (see Table 1). In
the heart, both adenosine and acetylcholine (the latter acting via
muscarinic receptors) activate potassium channels; moreover, the
conductances that are activated are nonadditive, suggesting that
both adenosine and muscarinic cholinergic receptors act independ-
ently upon the same population of ion channels (Kurachi et al.,
1986; West and Belardinelli, 1985). Other aspects of these potas-
sium conductances also closely resemble what has been described
in the brain; the voltage dependence of the responses is quite simi-
lar (Kurachi et al., 1986; Trussell and Jackson, 1985), both depend
upon intracellular GTP (Kurachi et al., 1986; Trussell and Jackson,
1987), and can be blocked by pretreatment with pertussis toxin
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(Kurachi et al., 1986; Bohm et al., 1986; Trussell and Jackson,
1987). Many of the known properties of these conductances are
summarized in Table 1.

2.2.2. Effects upon Calcium-Dependent
Potassium Conductances

The preceding studies have outlined the properties of quite
similar adenosine- and voltage-sensitive potassium channels that
are found in both brain and atrial tissue. In addition, however, there
are several reports of actions of adenosine on potassium channels
that can clearly be dissociated from the preceding responses. Haas
and Greene (1984) have demonstrated that, in addition to hyper-
polarizing hippocampal neurons, adenosine has a biphasic effect
upon the calcium-dependent potassium conductance that is respon-
sible for the long-duration afterhyperpolarization (AHP) that is
observed in these cells, facilitating the AHP at low doses and, at high
doses, reducing the AHP. At least part of the potentiation of the AHP
was the result of reduction in the rate of decay, and it was suggested
that the intracellular metabolism of calcium might be affected in
some way by adenosine (Greene and Haas, 1985). In our own studies,
using a range of adenosine concentrations, we have not observed
significant potentiation of the AHP, although the reduction at higher
adenosine concentrations can be readily observed (Dunwiddie and
Proctor, 1987). Other studies inrat superior cervical ganglion (Henon
and McAfee, 1983a), rat dorsal root ganglion (Dolphin et al., 1986),
and mouse dorsal root ganglion cells in culture (Macdonald et al.,
1986) have all reported that adenosine and a range of adenosine ana-
logs either reduced or had no effect on calcium-dependent potassium
conductances. A possible explanation for this apparent discrepancy
is that the facilitation of the AHP by adenosine may not be direct, but
may involve mediation by a secondary process that is in some way de-
pendent upon the basal state of the cell.

One possible explanation is suggested by the well-character-
ized antagonistic relationship between adenosine and B-adrenergic
receptor agonists in the heart. In the ventricle, for example, B-adren-
ergic receptors mediate an increase in calcium conductance that is
clearly linked to the activation of adenylate cyclase and increases in
cyclic AMP. Also, this response is attenuated by adenosine, even
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though adenosine by itself has little or no direct effect on ventricular
physiology (see Isenberg and Belardinelli, 1984). This antagonistic
relationship may reflect the ability of adenosine to inhibit adenylate
cyclase activity via A, receptors and, hence, to antagonize the acti-
vation of adenylate cyclase by such agents as isoproterenol. In the
hippocampus, B-adrenergic receptor activation results in a reduction
in the calcium-dependent potassium conductance, and this response
is clearly linked to increases in cyclic AMP (Madison and Nicoll,
1986). Thus, it is possible that adenosine, again acting via A, recep-
tors, might reverse the effects of endogenous agents that increase
cyclic AMP, such as histamine or norepinephrine, and hence pro-
duce an apparent facilitation of the AHP. The lack of a facilitory ef-
fect of adenosine on the AHP that we and others have observed might
simply reflect a lower basal level of adenylate cyclase activity in our
slices. Testing this hypothesis will require experiments in which re-
sponses to adenosine are examined under a variety of conditions
where the background level of adenylate cyclase activation is sys-
tematically varied by isoproterenol or other agents that affect cyclic
AMP levels.

2.2.3. Adenosine Receptors
Coupled to Potassium Channels in Xenopus Oocytes

Most of the effects of adenosine on potassium channels that have
been described thus far are associated with an adenosine receptor that
is pharmacologically most similar to the A, receptor. Based upon the
effects of pertussis toxin, it would appear these are coupled to potas-
sium channels via either the G, or G_ regulatory protein. However, a
very different situation occurs in the Xenopus oocyte. In this giant
cell, adenosine activates a potassium conductance (Lotan etal., 1982),
but there is compelling evidence that this is directly mediated via in-
creases in intracellular cyclic AMP. The hyperpolarizing response to
adenosine can be mimicked by intracellularly injected cyclic AMP,
and is blocked by protein kinase inhibitors (Lotan et al., 1985). Theo-
phylline has a dual effect; when applied extracellularly, it antagonizes
the response to adenosine via a competitive interaction with the recep-
tor, whereas when applied intracellularly, it facilitates the hyperpolar-
izing response, most likely because of an inhibition of phospho-
diesterase. Forskolin in low concentrations facilitates the adenosine
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response, and mimics it in higher concentrations (Stinnakre and Van
Renterghem, 1986). Finally, when adenosine is applied extracel-
lularly, it increases the intracellular cyclic AMP concentration, and
the magnitude of this increase is sufficient to account for the permea-
bility changes that are observed (Lotan et al., 1985).

Another unique aspect of this response is that, unlike the situ-
ation in the heart, where adenosine antagonizes P-adrenergic re-
sponses, adenosine and the B-adrenergic agonist isoproterenol have
a synergistic effect in the oocyte, as might be expected of two agents
thatincrease cyclic AMP (Stinnakre and Van Renterghem, 1986). On
the other hand, acetylcholine, which mimics the effect of adenosine
in the heart, induces a long-lasting antagonism of the adenosine re-
sponse of the oocyte; this effect is mediated via muscarinic recep-
tors, is mimicked by phorbol esters, and appears to the result of the
activation of protein kinase C by acetylcholine (Stinnakre and Van
Renterghem, 1986; Dascal et al., 1985).

The adenosine-sensitive potassium channel found in oocytes
appears to be quite unlike any that has been reported either in the
brain or in the heart. Clearly, it will be important to determine
whether A, receptors that are found in brain and elsewhere mediate
similar responses, or whether the coupling of cyclic AMP to the ac-
tivation of potassium conductances is unique to the oocyte. What is
clear is that, in at least some regions of the CNS, increases in neu-
ronal cyclic AMP are not coupled to increased cellular potassium
permeability (e.g., Madison and Nicoll, 1986). However, until the
cellular localization of A, receptors in the brain is better established,
it is clearly premature to rule out the possibility of a cyclic AMP-
activated potassium channel.

2.3. Effects of Adenosine upon Calcium Channels

Another mechanism of adenosine action that has attracted con-
siderable interest is the possibility of an adenosine-mediated re-
duction in calcium currents. Such a hypothesis would provide a
mechanistic explanation for the purinergic inhibition of transmitter
release observed in many systems (see section 2.4.), but one that
would be difficult to test electrophysiologically, because there is no
direct way of measuring calcium conductances in the presynaptic
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terminals. One way in which presynaptic calcium currents can be
examined is by measuring calcium influx into synaptosomal prepa-
rations, and some studies of this type have provided direct evidence
for areduction in calcium flux by adenosine (Ribeiro et al., 1979; Wu
et al., 1982). In these experiments, the effect of adenosine on the
uptake of labeled “Ca into synaptosomes during potassium de-
polarization was examined. Unfortunately, the data in support of
this hypothesis are not entirely consistent. Ribeiro et al. (1979)
found that adenosine actually facilitated ’Ca influx at short intervals
(15 s), and inhibited at longer intervals and higher concentrations.
The primary response to adenosine in these studies was an inhibition
of the steady-state “Ca concentration (measured after 1-2 min of
depolarization), whereas the initial phase of calcium influx, which is
most likely to reflect the activity of voltage-sensitive calcium chan-
nels responsible for transmitter release, was not studied. Thus, it is
difficult to relate this study directly to functional effects on neuro-
transmission. Wu et al. (1982) did characterize a more rapid phase of
calciuminflux and reported that adenosine receptor agonists inhibited
“Ca flux in very low concentrations. Subsequently, several groups
have been unsuccessful in inhibiting the initial rapid phase of *Ca flux
with adenosine (Barr et al., 1985; Michaelis et al., 1988; R. A. Harris,
unpublished).

A less direct way of testing for possible effects of adenosine on
calcium fluxes is to determine the calcium sensitivity of electro-
physiological responses to adenosine. If adenosine inhibits calcium
influx, then high concentrations of calcium might be expected to
antagonize the depressant effect of adenosine. Kuroda et al. (1976)
demonstrated that the depression of a field EPSP response in the
olfactory cortex slice by adenosine is reversed in a dose-dependent
fashion by increasing the extracellular concentration of calcium, and
suggested that adenosine inhibits calcium flux into the nerve ter-
minal. Similar effects have been reported by Dunwiddie (1984) in the
rat hippocampus in vitro. However, in the latter study, the magnitude
of the depressant response to adenosine was shown to be dependent
upon several factors. In particular, the amplitude of the test EPSP
prior to adenosine treatment was clearly an important variable; adeno-
sine was found to reduce the amplitude of small test responses to a
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much greater degree than large responses. Because increasing the
extracellular calcium concentration also increases the magnitude of
the baseline test response, it is not possible to detcrmine whether the
reduced response to adenosine in high calcium medium results from
a direct interaction between adenosine and calcium, or simply the
effects of an increase in the baseline response. Taking into considera-
tion the effects of calcium on the magnitude of the synaptic response,
it is possible to account for the apparent calcium sensitivity of the
response without invoking a specific interaction between adenosine
and calcium. However, this clearly does not rule out such a possi-
bility.

These observations are consistent with those of Silinsky (1984)
at the frog neuromuscular junction. At this synapse, the response to
adenosine (using quantal measurements of transmitter release) was
not dependent upon the calcium/magnesium content of the medium.
Furthermore, adenosine could inhibit transmitter release that was in-
dependent of the voltage-dependent influx of calcium into the nerve
terminal, suggesting some type of action upon the release process per
se (see section 2.4.). Again, these data do not rule out an effect of
adenosine on calcium currents, but suggest that other mechanisms are
operative as well.

Although it is not possible to record calcium currents from pre-
synaptic nerve terminals, voltage-dependent calcium conductances
are found in many types of neurons and, in some cases, are sensitive
to adenosine. Henon and McAfee (1983a,b) have reported that cal-
cium spikes are inhibited in rat superior cervical ganglion and similar
effects have been observed in pyramidal neurons in the CA1 region
of the rat hippocampus in vitro, where adenosine inhibits regener-
ative calcium-dependent action potentials (calcium spikes; Proctor
and Dunwiddie, 1983). In both types of cells, inhibition of the volt-
age-dependent sodium conductance with tetrodotoxin uncovers a
calcium spike that can be evoked by depolarizing current pulses, and
these calcium spikes are inhibited by adenosine. Under these con-
ditions, endogenous release of neurotransmitters is blocked, so the
effect of adenosine is most likely to be a direct postsynaptic action.
However, an important unresolved issue is whether these effects
reflect a direct action upon the calcium channel or whether adeno-
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sine activates a potassium conductance that indirectly reduces the
calcium flux (see, e.g., North and Williams, 1983). Henon and
McAfee (1983b) suggest that the effect of adenosine on the calcium
spike in the sympathetic ganglion is likely to be direct, since voltage-
clamp measurements in the presence of the potassium channel
blockers Cs* and tetraethylammonium demonstrated an adenosine-
mediated inhibition of inward current.

Although these reports would suggest that adenosine may re-
duce calcium currents, Halliwell and Scholfield (1984) reported that
adenosine did not appear to affect calcium currents in voltage-
clamp experiments on hippocampal and olfactory cortex neurons,
and concluded that the previously reported effects on calcium spikes
(Proctor and Dunwiddie, 1983) were likely to be indirect. What
complicates the situation is the fact that most neurons appear to have
not one, but three different calcium conductances (Nowycky et al.,
1985): a long-lasting conductance that requires strong depolariza-
tion to be activated (L channel), a transient current activated by rel-
atively weak depolarizations from highly negative holding potentials
(T channel), and another channel that shows an intermediate rate of
inactivation and is activated by strong depolarization from highly
negative holding potentials (N channel). Although the two currents
that were reported by Halliwell and Scholfield to be unaffected by
adenosine were not identified, they appear to correspond most close-
ly tothe L and T channels. The voltage-clamp protocols that they used
would be unlikely to activate the N channel. However, arecent report
by Madison et al. (1987) suggests that it is only the N channel that is
affected by adenosine in hippocampal neurons, and this was not tested
in the former study.

Studies in other brain regions and tissues have provided addi-
tional supportive evidence for an action of adenosine upon calcium
conductances. Adenosine shortened the duration of calcium spikesin
dorsal root ganglion cells in culture and reduced an inward calcium
current studied under voltage-clamp conditions (Macdonald et al.,
1986). The voltage dependency of this current was consistent with
activation of an N channel. Two aspects of this study were somewhat
unusual; first, adenosine and adenosine analogs did not appear to
have any effect upon the passive membrane properties of these neu-



158 Dunwiddie

rons. Thus, unlike most neurons that have been studied, adenosine
receptors do not seem to be coupled to potassium channels in dorsal
root ganglion cells, which makes it even more unlikely that the ef-
fects on the calcium currents are the indirect result of effects upon
potassium conductances. The other unique aspect of this study was
the pharmacology of the receptors that mediated thisresponse. R-PIA
was quite active (effective in the low nanomolar range), which would
normally indicate mediation via an A, receptor subtype. However, S-
PIA was also very potent (more so than cyclohexyladenosine), which
is not characteristic of A, receptors. Furthermore, 5'-N-ethylcarbox-
amidoadenosine (NECA), which usually has a moderate potency at A
as well as A, receptors, was virtually inactive, suggesting that neither
A, nor A, receptors were involved. Although the relative potencies of
these drugs were inconsistent with what has been described for either
A, or A, receptors, the responses were antagonized by moderate
concentrations of methylxanthines, suggesting that they still fit into
the general category of P, adenosine receptors (A,, A,, and other un-
known receptors with similar pharmacology).

Somewhat similar observations concerning the effects of 2-
CADO on rat dorsal root ganglion cells were made by Dolphin et al.
(1986). Adenosine reduced the duration of the calcium spike, and
this effect was not reduced by potassium channel blockers, such as
TEA, barium, and intracellular cesium. As in the previous study, 2-
CADO did not appear to increase outward potassium currents, but
markedly reduced (although it did not abolish) a calcium current that
again appeared to have the voltage-dependence characteristic of the
N-channel. However, 2-CADO appeared to be much more potent in
rat dorsal root ganglion neurons (effective at 50 nM) than in mouse
(threshold > 1 uM).

Thus, although there remains some controversy concerning the
particulars, it appears that in some cells adenosine can reduce inward
calcium currents. The reasons why such effects are not observed in
some situations may have more to do with hetereogeneity in calcium
channels than with variability in the response. Of the three types of
calcium channels that have been proposed, only one (the N channel)
has been reported to be sensitive to adenosine, and in cases where
adenosine appears to have no effect, this may simply represent cases
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in which the other calcium channels are the primary contributors to
the flux that is measured. However, until the effects of adenosine are
determined on each calcium channel independently, the possibility
that some of the effects of adenosine on calcium currents (e.g., cal-
cium spikes in hippocampus) are indirectly mediated via potassium
conductances cannot be ruled out.

2.4. Inhibition of Transmitter Release:
Potential Mechanisms

Perhaps one of the best characterized physiological actions of
adenosine is the inhibition of the release of neurotransmitters, an
action that occurs at many peripheral and central synapses that use a
variety of transmitters. This is a heterologous regulation of release,
in that adenosine itself is not thought to be the major transmitter (or
in most cases even a cotransmitter) at these synapses. The best char-
acterized examples of purinergic inhibition of neurotransmitter re-
lease are found in the peripheral nervous system, where adenosine
has been reported to inhibit the release of acetylcholine at the neu-
romuscular junction (Ginsborg and Hirst, 1972), and the release of
NE at synapses in the sympathetic nervous system (Fredholm, 1976;
Clanachan et al., 1977; Verhaege et al., 1977). Direct measurements
of the efflux of radiolabeled or endogenous transmitter release from
tissue, or electrophysiological measurements of the quantal release
of transmitter (e.g., Silinsky, 1984) have confirmed that the primary
action of adenosine is to inhibit transmitter release, rather than to
reduce postsynaptic sensitivity. The inhibition of neurotransmitter
release by adenosine, with particular emphasis on effects in the
peripheral nervous system, has been the subject of several reviews
(Fredholm and Hedqvist, 1980; Fredholm et al., 1983a).

Neurotransmission within the central nervous system also
appears to be modulated to a significant extent by adenosine, and as
in the periphery, the primary mechanism appears to be an inhibition
of transmitter release. The release of acetylcholine (Vizi and Knoll,
1976; Jhamandas and Sawynok, 1976; Harms et al., 1979; Murray et
al., 1982; Pedata et al., 1983), serotonin (Harms et al., 1979), nor-
epinephrine (Harms et al., 1978; Ebstein and Daly, 1982; Fredholm
et al., 1983b), dopamine (Michaelis et al., 1979; Harms et al., 1979;
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Ebstein and Daly, 1982), GABA (Harms et al., 1979; Hollins and
Stone, 1980), and glutamate (Dolphin and Archer, 1983; Burke and
Nadler, 1988) all have been reported to be sensitive to adenosine. The
majority of such experiments have been conducted using brain slices
or synaptosomes, althoughin afew cases the effects of purines on the
release of transmitters has been studied ondirectly superfused cortical
tissue. However, with the exception of the synaptosomal experi-
ments, these effects could result from an indirect depressant effect of
adenosine. Because adenosine can inhibit neuronal firing, a decrease
in transmitter efflux from a brain slice could result from a reduction
in the number of times a nerve terminal fires, rather than a decrease
in the amount of transmitter released per impulse.

Although the ability of adenosine to modulate the release proc-
ess appears to be fairly ubiquitous, the mechanism that underlies this
response is still unclear. Three basic hypotheses must be considered
in this regard. First, if adenosine facilitates outward potassium cur-
rents in the presynaptic nerve terminal, this would tend to reduce
calcium influx during nerve terminal depolarization and lead to a
reduction in the release of neurotransmitter. Second, if adenosine
directly affects calcium conductances in nerve terminals, this again
would lead to a direct reduction in transmitter efflux. A third alterna-
tive has been suggested by Silinsky (1986), who has proposed that the
reduction in transmitter release is a direct effect of adenosine upon the
calcium sensitivity of the release process, rather than an effect medi-
ated via changes in ion fluxes. A related issue that will be discussed
in this section as well is whether changes in cyclic nucleotides play a
role in inhibition of transmitter release, regardless of the proximate
mechanism by which release is inhibited.

Evidence in supportof the first two hypotheses (effects of adeno-
sine on potassium and calcium fluxes) has largely been indirect. It has
been argued that the postsynaptic cell can serve as a model for the
presynaptic nerve terminal, and that the ionic conductances regu-
lated by adenosine in neurons and dendrites are similarly affected in
nerve terminals. However, in most cases, the validity of this assum-
ption has yet to be demonstrated. Nevertheless, circumstantial evi-
dence can be presented in support for roles for both potassium and
calcium channels. For example, in the cases where the somatic cal-
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cium channel affected by adenosine can be identified, it appears to be
the N-type channel that is sensitive to adenosine (Madison et al.,
1987; Macdonald et al., 1986; Dolphin et al., 1986), and it is the N-
channel that is thought to be responsible for the influx of calcium that
results in neurotransmitter release (Perney et al., 1986; Miller, 1987).

In terms of the “potassium” hypothesis, several investigations
have demonstrated that potassium channel blockers are able to an-
tagonize partially or completely the inhibitory effects of adenosine
on transmitter release (Okada and Ozawa, 1980; Stone, 1981b;
Dunwiddie and Proctor, 1987; Scholfield and Steel, 1988). The latter
study (Scholfield and Steel, 1988) is particularly interesting, in that
these authors investigated the effects of a variety of potassium chan-
nel blockers on synaptic transmission in the olfactory cortex and re-
lated the ability of these agents to block adenosine-mediated changes
in transmitter release to the direct effect of these drugs upon the pre-
synaptic spike potential. Perfusion with cesium, 3,4-diaminopyri-
dine, and 4-aminopyridine all prolonged the presynaptic action poten-
tial and reduced the effect of adenosine upon synaptic responses.
Tetracthylammonium, barium, and rubidium had no apparent effect
upon either of these measures, suggesting that there was a link be-
tween prolongation of the presynaptic response and the sensitivity to
adenosine. A potential complication to all these studies arises from
the fact that these potassium channel blockers have a direct effect of
their own, in that they not only increase the presynaptic spike, but also
increase the baseline synaptic response prior to adenosine perfusion.
However, their ability to block adenosine responses does not appear
to be related to this increase in the basal response, since treatment with
increased magnesium or tetrodotoxin, both of which reduce the syn-
aptic response, did not restore adenosine sensitivity (Scholfield and
Steel, 1988). '

A somewhat related mechanism may underlie the actions of
Substance B, a partially characterized factor from the brain that
blocks inhibitory neuromodulation by a number of agents, includ-
ing adenosine. Opiate agonists, a-2-adrenergic agonists, and adeno-
sine can all inhibit the efflux of [PHJACh from ileal synaptosomes
and likewise inhibit the contractions of the longitudinal muscle-
myenteric plexus of the guinea pig. The effects of all of these agents
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upon release and evoked contractions have been shown to be inhib-
ited by Substance B (Pearce et al., 1986; Benishin et al., 1986). We
have examined the effects of Substance B in the hippocampus, and
have found that, like 4-aminopyridine, it increases the amplitude of
the presynaptic fiber spike and markedly reduces the effectof adeno-
sine upon the synaptic response. These results suggest that Substance
B may be an endogenous regulator of potassium channel activity, and
that the antagonism of the responses to adenosine by both 4-amino-
pyridine and Substance B reflects the blockade of an adenosine-
sensitive potassium channel. However, an alternative hypothesis that
must be considered is that the apparent antagonism of adenosine
responses by all of these agents may be indirect. If by prolonging the
presynaptic nerve terminal action potential calcium flux is increased
to the point where calcium-sensitive release sites are saturated, then
it is possible that a direct inhibition of calcium flux by adenosine
might not produce an appreciable diminution of transmitter release.
Although the study of Scholfield and Steel (1988) would suggest that
this is not the case, the extent to which decreases in calcium flux and/
or increases in potassium flux contribute to the modulation of trans-
mission is not yet clear.

An alternative to the “potassium™ and “calcium’ hypotheses dis-
cussed above is that adenosine, in some manner, affects the release
process itself, rather than ion fluxes in the nerve terminal. Specifi-
cally, it has been suggested that adenosine can reduce the affinity of
the intracellular calcium-binding proteins that are involved in trans-
mitter release for calcium (Silinsky, 1984, 1986). Several lines of
evidence appear to support this hypothesis; in particular, adenosine
can inhibit not only the normal release of neurotransmitter, but also
release that is evoked in the absence of extracellular calcium (e.g., by
calcium-filled liposomes). In addition, modeling experiments sug-
gestthat it is not possible to account for the observed effects of adeno-
sine on calcium or strontium-induced transmitter release on any other
basis than a reduction in the affinity of calcium for intracellular bind-
ing proteins. Although the evidence provided in support of this hy-
pothesis is rather compelling, it is difficult at this point to determine
the extent to which this proposed mechanism is solely responsible for
the inhibition of transmitter release. In particular, if adenosine does
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act through some type of second-messenger system (see below), it is
quite possible that multiple cellular mechanisms may underlie the in-
hibition of transmission. This hypothesis is supported to some extent
by the effects of adenosine and 2-CADO at the neuromuscular junc-
tion; whereas adenosine inhibits both evoked as well as spontaneous
release of transmitter, 2-CADO only inhibits evoked release (Sil-
insky, 1984). This would suggest that at least two different mecha-
nisms can underlie adenosine-mediated inhibition of transmitter ef-
flux.

In terms of the role of potential second-messenger systems, it is
unclear at this point whether they are involved in the inhibitory ef-
fectof adenosine on synaptic transmission. Inmost cases, the receptor
that mediates the inhibition of transmitter release has the pharmaco-
logical characteristics of the adenosine A, receptor (McCabe and
Scholfield, 1985; Dunwiddie et al., 1986; Paton et al., 1986), which
mightindicate that inhibition of adenylate cyclase by adenosine either
directly or indirectly inhibits the release process. However, direct
tests of this hypothesis have been largely unsuccessful; for example,
cAMP analogs appear unable to reverse the inhibition of transmis-
sion mediated by adenosine in the hippocampus (Dunwiddie and
Fredholm, 1985; Dunwiddie and Proctor, 1987), although it has been
reported that forskolin, which activates adenylate cyclase, can par-
tially reverse adenosine-mediated depression of transmission in the
olfactory cortex (McCabe and Scholfield, 1985). It has been ob-
served that pertussis toxin, which can block the inhibition of adenyl-
ate cyclase by hormones and transmitters, can antagonize the ability
of phenylisopropyladenosine to inhibit release of glutamate from cul-
tured cerebellar neurons, concurrently with a blockade of the inhib-
itory effects of R-PIA on adenylate cyclase (Dolphin and Prestwich,
1985). However, as was discussed previously, it is now clear that
pertussis toxin can inhibit responses mediated via several types of G
proteins (at least G, and G ). Furthermore, pertussis toxin does not
block the ability of adenosine to modulate the release of several neuro-
transmitters in the hippocampus (Fredholm et al., 1989), making it
even less likely that an inhibition of adenylate cyclase is involved.
Therefore, these experiments do not directly implicate adenylate
cyclase or cAMP in the inhibition of transmitter release. CAMP and
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its analogs have been reported to have a variety of effects upon trans-
mitter release, including facilitation of release (e.g., Dolphin, 1983;
Kubaetal., 1981; Dolphin and Archer, 1983) and inhibition of release
(e.g., Silinsky and Hirsch, 1987; see also Dunwiddie and Hoffer,
1982, for review).

Resolving these issues is going to be a complex process, and at
this point, it is unlikely that a single hypothesis can account for all the
experimental observations. Itis clear that adenosine has the ability to
depress the release of both excitatory and inhibitory neurotransmit-
ters in the periphery and in the brain, and in most cases reflects a di-
rect action on the nerve terminal. However, several points need to be
clarified before mechanisms of action can be reliably established.
Perhaps the most pressing need is to characterize the identity of the
receptors mediating these responses in greater detail. Even in very
similar preparations (e.g., the inhibition of excitatory transmission
in hippocampus and olfactory cortex), differences are observed; in
the hippocampus, the rank order of potency of adenosine analogs is
R-PIA 2 CHA > NECA (Dunwiddie et al., 1986; Reddington et al.,
1982), whereas in the olfactory cortex, the order was NECA > CHA
> R-PIA. Other preparations show even more significant differ-
ences, both in rank order as well as absolute potencies of analogs,
and most studies have not tested enough analogs to characterize the
receptor adequately. Although some studies try to identify the recep-
tor based upon the absolute potencies of a few analogs, this approach
can be very misleading, particularly if spare receptors are involved.
Highly selective antagonists that can be used for Schildtype analysis
of competitive receptor antagonism are needed for more definitive
receptor identification (e.g., Dunwiddie and Fredholm, 1989). Until
more such studies are carried out, it may be premature to attempt to
compare mechanisms in different preparations that might well in-
volve different receptors.

3. General Conclusions

At this point, it is clear that the physiological basis of responses
to adenosine is far more complex than would have been suspected a
few years ago. There now seem to be several well-established models
in which adenosine can modulate distinct ionic conductances, re-
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ducing calcium currents in some cells and activating potassium con-
ductances in others. Three primary issues need to be resolved at this
point. First, as was mentioned above, there clearly is a need for more
sophisticated pharmacological approaches to the issue of receptor
identification. It would appear at present that at least three and per-
haps more receptors are required to account for the pharmacology
observed in different systems; however, without more pharmaco-
logical data, this is difficult to establish. Secondly, the use of more
definitive physiological approaches, such as voltage- and patch-
clamping, coupled with a better understanding of the multiple types
of ion channels, will presumably lead to a better identification of
the ion upon which adenosine acts. Furthermore, these approaches
should permit us to differentiate direct effects of adenosine upon ion
channels from effects that reflect indirect modulation of voltage- or
ion-sensitive channels. Finally, as we develop better tools for the
study of second-messenger systems, such as pertussis toxin, intracel-
lular perfusion, patch-clamping, and so on, it should be possible to
determine the importance of potential second messengers, such as
cAMP, and the permissive role of intracellular constituents, such as
GTP. When we have identified well-characterized receptors that
modify the activity of specific ion channels, and when the role of
potential second messengers has been clearly established, it may then
be possible to determine whether there are defined subclasses of
adenosine receptors, each of which acts through the same mechanism
indifferent tissues, or whether the same receptor can activate a variety
of cellular responses, depending upon the cell type and perhaps the
coupling proteins through which it acts.
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CHAPTER 6

Adenosine Release

Trevor W. Stone, Andrew C. Newby,
and Hilary G. E. Lloyd

1. Introduction

In contrast to the progress towards consensus regarding the sites
and mechanisms of adenosine actions (Williams and Jacobson, 1990;
Trivedi etal., 1990), the sites and mechanisms of adenosine formation
and subsequent release are still the subjects of heated controversy.
However, taken together with the demonstration of specific receptors
for adenosine, the study of purine formation and release from tissues
has contributed to at least two important hypotheses of tissue control
and metabolic regulation. One is the purinergic nerve hypothesis
(Burnstock, 1972, 1981), and the second is that adenosine might be an
autonomous signal of cellular energy status (Berne, 1964; Lowen-
stein et al., 1983; Newby, 1984). In this chapter, the stimuli that give
rise to adenosine release from various tissues will be reviewed in re-
lation to the specific cell types involved. The biochemical mecha-
nisms available for the formation of adenosine will then be discussed
with emphasis given to the possibility of formation from both cyto-
plasmic and released nucleotides. Finally, some conclusions will be
drawn as to the mechanisms of adenosine formation and release, and
their physiological significance.
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2. Stimuli and Cellular Sources
of Adenosine Release

In the following paragraphs, the release of both adenosine and
ATP will be discussed, since the relationship between the release of
these purines is far from clear. For example, ATP released as a
neurotransmitter or cotransmitter will rapidly give rise to adenosine
as metabolism by ectoenzymes proceeds. In many situations, it is not
certain whether physiologically released purines are designed primar-
ily to bring ATP orits nucleoside metabolites into the vicinity of tissue
receptors.

2.1. Neurons and Innervated Tissues
In those tissues that are innervated, the question of the origin of
released purines has often been confined to a determination of
whether the release occurs from neuronal (prejunctional) sites or from
the postjunctional tissues themselves.

2.1.1. Neurons

Some of the earlier studies of purine release concentrated on
neuronal tissues. Abood et al. (1962) and Kuperman et al. (1964)
showed a depolarization-dependent release of radiolabeled purines
from isolated axons and muscle, and similar observations have been
made more recently by Maire et al. (1982, 1984) in which the purines
released from desheathed vagus nerves were subjected to further
analysis by HPLC. The preloaded radiolabeled efflux from the
amphibian preparations used in the early studies was shown toinclude
nucleotide components, especially adenine derivatives, although the
amounts of nucleotide found on HPLC analysis were said to comprise
less than 1% of the total purine release (Maire et al., 1982). Metabolic
inhibition or reduced glucose availability enhanced the efflux of
nucleoside, but not nucleotide fractions (Maire et al., 1984), and this
axonal release was found to be independent of external calcium
concentration.

The finding that ATP could stabilize axons made hyperexcitable
by bathing in calcium-free medium further led to the suggestion that
a calcium binding ATP complex in the axonal membrane was impor-
tant for stability and, conversely, that destabilization of the membrane
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by depolarization might result in ATP being liberated from such a
complex into the surrounding medium (Abood et al., 1962; Kuperman
et al,, 1964). This proposal was consistent with the observed corre-
spondence between the release of ATP and calcium from stimulated
tissues.

Other early experiments were performed by Holton and Holton
(1954) and Holton (1959), who reported vasodilatation in the rabbit
ear following antidromic stimulation of sensory nerves in this tissue.
These workers also detected ATP in the perfusate from their prepara-
tion and proposed that the ATP released might be responsible for the
vasodilatation. This remains one of the earliest suggestions for a
functional and physiological role of ATP released from a specific
population of nerves. In addition, an important conceptual point
arises from the Holtons’ work, namely that the ATP released from
nonsynaptic regions of axonal membrane (and perhaps more quanti-
tatively significant from the expansion of membrane surface area,
which makes up the sensory ending arborizations) can be sufficient to
produce measurable functional changes in a smooth muscle system.
Burnstock (1976a), however, has pointed out that efferent axons have
been demonstrated in dorsal roots raising the possibility that the ATP
release seen by the Holtons could have been of orthodromic rather
than antidromic origin.

More direct concern with the site of release began with the reali-
zation that ATP had profound motor effects, excitatory or inhibitory
when applied to a wide range of smooth muscle tissues (Burnstock,
1972). Indeed ATP mimicked better than almost any other compound
tested the effects of stimulation of those neurones that were not
amenable to blockade by conventional cholinergic and adrenergic
antagonists. This combination of factors resulted in the proposal that
specific purinergic nerves might exist in such tissues (Burnstock,
1972), and a great deal of effort has been expended in attempting to
define the specific sites of purine release in relation to these putatively
purinergic neurones in a variety of tissues.

2.1.2. Gastrointestinal Tract
Among the first such investigations were those in which activa-
tion of nonadrenergic noncholinergic (NANC) inhibitory neurons
lying within the stomach wall of toads or guinea pigs were activated
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by stimulation of the vagus nerve (Burnstock et al., 1970; Satchell and
Burnstock, 1971). The observed release was of adenosine and ino-
sine, considered to be produced by the deamination of neurally re-
leased ATP. The authors argued that this purine release was probably
not from sensory neurons stimulated antidromically (Burnstock,
1976b). |

Preparations from the guinea pig alimentary tract also release
purines following stimulation. Preloaded radiolabeled adenosine for
example was released from the taenia coli in response to stimulation
of the periarterial nerve supply (Su etal., 1971). More recent work on
this same muscle has concentrated more on the detection specifically
of ATP, since it is this compound rather than adenosine that has re-
ceived most attention as the neurotransmitter of NANC nerves (Burn-
stock, 1972, 1981). The method of detection has usually been the
firefly luciferin/luciferase assay.

However, although most groups have successfully demonstrated
ATPreleasein this way, there is still disagreement about its origin. Su
et al. (1971) reported that their radiolabeled purine release as well as
of norepinephrine was inhibited by tetrodotoxin, implying a neuronal
origin, and by guanethidine, an adrenergic neuron blocker. A later
study by Rutherford and Burnstock (1978) reported that tetrodotoxin
blocked only about one-third of the total purine release from the
taenia coli, the tetrodotoxin-resistant component being attributable to
release from directly stimulated muscle. Burnstock et al. (1978a)
examined the release of endogenously derived ATP from the same
tissue and observed a two- to sixfold enhancement of release even
when changes of muscle length were prevented. Indeed direct stimu-
lation of the muscle did not elicit any detectable release of ATP. The
presumed neuronal release was prevented by tetrodotoxin though not
in this case by guanethidine or 6-hydroxydopamine treatment. This
latter finding clearly implies that the ATP is not originating from
adrenergic neurons and stands in contrast to the report by Su et al.
(1971).

White et al. (1981) later developed a technique of superfusion
with luciferin/luciferase to detect ATP continuously as it was released
from the tissue. Although this study supported the basic finding that
ATP was released from the taenia and that this release was not the
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result of contraction of the muscle itself, neither the observed ATP
release nor the muscle response was prevented by tetrodotoxin. This
led the authors to conclude that the ATP was originating either from
the muscle itself or from nerve terminals depolarized directly by the
relatively high-intensity stimuli employed. The reasons for the dis-
crepancy between this study and Rutherford and Burnstock (1978) are
not clear, though it should be noted that changes of behavior of the
taenia were seen by White et al. (1981) in the presence of luciferin/
luciferase. This might imply an effect of the assay components upon
the state of the preparation.

Using a preparation of myenteric plexus said to consist essen-
tially of autonomic varicosities, White and Leslie (1982) demon-
strated a calcium-dependent release of ATP upon potassium or vera-
tridine depolarization. Since 6-hydroxydopamine depressed this
release by about 50%, it was proposed that this fraction at least origi-
nated from adrenergic terminals (Alhumayyd and White, 1985).

2.1.3. Urinary Bladder
The urinary bladder has provided a similar lack of consensus.
Burnstock et al. (1978b) found a tetrodotoxin-sensitive release of
ATP from the guinea pig bladder, whereas the release seen by
Chaudhry et al. (1984) was not sensitive to block by tetrodotoxin.
Again the reasons for the difference are not clear, though a simple
species difference could be a contributory factor.

2.14. Vas Deferens

Another favorite tissue for studies of purine function has been
the vas deferens. Westfall et al. (1978) attempted to exclude any
contribution of the smooth muscle contraction itself to purine release
by bathing in a hypertonic medium. Under these conditions, the
release of prelabeled norepinephrine and purines was increased by
stimulation, and prevented by tetrodotoxin. When muscle contraction
was permitted, however, a substantially greater release was obtained,
indicating that unrestrained muscle contraction can contribute sub-
stantially to overall purine release.

White et al. (1981) were able to confirm the release of ATP from
the guinea pig vas, but found that tetrodotoxin did not abolish the
release, although it prevented contraction of the preparation presuma-
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bly caused by the neuronal release of norepinephrine. It was therefore
again suggested that the ATP release in this tissue was not associated
with conducted action potentials.

A detailed analysis of purine release and ATP distribution in the
rat vas deferens was later performed by Fredholm et al. (1982).
Although transmural stimulation of the tissue caused an increased
release of preloaded radiolabeled purines and norepinephrine, it was
noted that the time course of release was significantly different. A 1-
min period of electrical stimulation (SHz) evoked a release of nor-
epinephrine, which peaked within 1 min of ending the stimulus.
Purine release, on the other hand, only reached a peak more than 2 min
after ending the stimulation period. Furthermore, the a-adrenergic re-
ceptor blocking agent phentolamine enhanced norepinephrine out-
flow (by blocking presynaptic a.-2 receptors), but reduced adenosine
release. Adenosine, however, suppressed norepinephrine without af-
fecting tritiated purine efflux. Dipyridamole greatly diminished
purine, but not norepinephrine release. There are, therefore, several
reasons for proposing that the greater part of norepinephrine and
purine release from the rat vas arose from independent sources. The
behavior of purine release with pharmacological manipulation, in-
cluding the finding that norepinephrine would induce purine release,
was consistent with a largely postjunctional site for purine release.
Interestingly, analysis of the released purines indicated that <3% was
present as ATP.

It is still not clear whether the profile of purine release from rat
vas deferens is indeed different from that seen with the guinea pig
preparation, possibly resulting from the smaller junctional gaps in the
rat muscle, or whether other technical factors account for the differ-
ences observed. The use of vasa from castrated rats, for example, may
have affected the preparation much more than simply altering the
proportions of neuronal and muscular tissue (Fredholm et al., 1982).
It is particularly unfortunate that these workers did not use tetro-
dotoxin or suppress muscle tone changes in some experiments.

The overall implication of this study then is that most, if not all,
purine release is of postjunctional origin. Similar conclusions were
drawn by White et al. (1981) as noted above, and other tissues have
yielded the same result. The cat nictitating membrane exhibits a
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purine release that is stimulated by norepinephrine, acetylcholine,
and tyramine to an extent that correlates well with the degree of
muscle contraction. In all cases, the purine release can be pre-
vented by a-adrenergic receptor blockade (Luchelli-Fortis et al.,
1979). In both canine subcutaneous adipose tissue (Fredholm 1976;
Fredholm and Hjemdahl, 1979) and the rabbit kidney (Fredholm and
Hedqvist, 1978), the release of radiolabeled purines obtained by
nerve stimulation can similarly be prevented by postjunctional o-
receptor blockade.

2.1.5. Vascular Tissue

Several vascular preparations have also been used to examine
purine release. Su (1975, 1978), for example, proposed that the ATP
efflux from rabbit aorta and portal vein was coreleased with noradre-
naline from adrenergic nerves, since it was prevented both by tetro-
dotoxin and by bretylium. Katsuragi and Su (1980, 1981) working
with the rabbit pulmonary artery reported that labeled purine release
was increased by elevated potassium levels, but depressed by cal-
cium-free solutions or 6-hydroxydopamine treatments and not af-
fected by postjunctional o-receptor block by phentolamine. This
result therefore points to a presynaptic site for the purine origin (Su,
1983). The authors emphasize this point by testing strips of nerve-free
aortic smooth muscle. Here potassium and clonidine produce con-
traction with no accompanying release of purines, although higher
potassium concentrations induced a very small release of purine,
which was not calcium dependent.

Burnstock et al. (1979) came to a similar conclusion that ATP
release fromthe guinea pig portal vein was presynaptic in origin, since
it was abolished by sympathectomy, whereas Levitt and Westfall
(1982) attempted to quantify the relative contributions of pre- and
postsynaptic sites to their observed purine release. By using the se-
lective a.-1-adrenergic receptor blocker prazosin to prevent release by
activation of postjunctional sites without affecting o-2-receptors and
therefore presynaptic release, these workers reported a reduction of
approximately 20% of total purine release. The remaining 80% was
presumed to originate presynaptically from a neuronal source, a sug-
gestion supported by the parallel increase of norepinephrine and
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purine release seen on treatment with yohimbine and the decrease
seen with clonidine. In addition, it was noted that release was re-
duced by approximately 55% following treatment with 6-hydroxy-
dopamine, implying that a substantial fraction of the presynaptically
released purines were coming from adrenergic neurones.

2.1.6. Cholinergic Systems

Studies by Meunier et al. (1975) and Israel et al. (1976) revealed
a potassium-evoked release of ATP from preparations of Torpedo
electroplaque, the release being enhanced by physostigmine and
diminished by curare. This finding suggested a postsynaptic source
for the released ATP, but subsequent careful analyses, including the
examination of synaptosomes prepared from the electroplaque indi-
cated that a small proportion of the nucleotide was originating from
the presynaptic terminals together with acetylcholine (Morel and
Meunier, 1981). Thisrelease was not detected by Michaelson (1978),
although Zimmerman (1978), Zimmerman et al. (1979), and Zimmer-
man and Denston (1977) showed a corelease of acetylcholine and
ATP from cholinergic vesicles.

In the mammalian neuromuscular system, Silinsky and Hubbard
(1973) reported that stimulation of the rat phrenic nerve evoked a
release of ATP sufficient to reach a concentration of about 100 uM in
the extracellular fluid. This release was achieved in the presence of
curare and was therefore presumed to be presynaptic in origin, a
conclusion supported by the ability of hemicholinium to block the
release and by the failure of carbachol to promote it.

Less work appears to have been performed on autonomic cholin-
ergic systems, though botulinum toxin, a selective inhibitor of cholin-
ergic neurones, depressed the NANC response of the guinea pig blad-
der (Mackenzie et al., 1982). Unfortunately, the effect of botulinum
toxin directly upon ATP release has not been examined.

Depending on the tissue being studied, therefore, an argument
can be made for a primarily pre- or postjunctional release from inner-
vated tissues. One of the major difficulties with interpretation, how-
ever, is the uncertainty that surrounds the amount of ATP present in
and available for release from presynaptic nerve terminals. Several
authors have argued that a releaseable norepinephrine: ATP ratio of
approximately 50:1 probably exists in sympathetic nerve terminals
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(Smith 1977; Fredholm et al., 1982). This could easily result in pre-
synaptically released purines escaping detection especially if
swamped by a large excess of purine from postjunctional sources
related to tissue metabolism and activity. Such a small presynaptic
releaseable pool has been proposed as the explanation for the apparent
absence of purine release following activation of sympathetic nerves
to the spleen (Stjame et al., 1970; Lagercrantz, 1976).

In a brief communication, Bencherif et al. (1986) reported that,
in the frog paravertebral ganglion, prelabeled adenosine could be re-
leased by electrical stimulation of the preganglionic or postganglionic
nerve trunks and by carbachol, the preganglionically evoked release
being inhibited by cholinergic receptor antagonists. This study there-
fore indicates that the greater part of adenosine release originated
from postsynaptic cell bodies, rather than the nerve terminals.

2.2. Central Nervous System

Interest in purine release from the central nervous system (CNS)
tissue developed in many respects in parallel with interest in the
concept of purinergic synaptic transmission, rather than resulting
from it. This was because of the demonstration by Sattin and Rall
(1970) and their colleagues that adenosine could activate adenylate
cyclase in brain preparations. This action was seen not only in re-
sponse to adenosine alone, but also as a potentiation of the effect of
norepinephrine, both actions being mediated by membrane receptors
and blocked by methylxanthines. The demonstration soon followed
that adenosine, inosine, and hypoxanthine were released by depolar-
ization from slices of guinea pig neocortex incubated with tritiated
adenosine (Shimizu et al., 1970).

Mcllwain (1972) in particular then developed this observation
into the hypothesis that adenosine and possibly other purines might
play a hormonal role within the CNS. It has since become clear that
appreciable concentrations of adenosine may exist in cerebral ex-
tracellular fluid, values of around 1 pm being commonly recorded
(Newman 1983; Newman and Mcllwain, 1977; Rehncrona et al.,
1978; Schrader et al., 1980; Winn et al., 1981; Zetterstrom et al.,
1982). Mcllwain and his colleagues (Pull and Mcllwain, 1972, 1973,
1976) and Shimizu et al. (1970) showed that a variety of procedures
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causing depolarization of neuronal tissue, including electrical stimu-
lation, high potassium, veratridine, hypoxia, and lowered glucose
caused a calcium-dependent release of purines from cerebral prepa-
rations.

The ability of various manipulations that alter the metabolic
status of the CNS to provoke an efflux of purines provides a strong
argument that at least a proportion of the release can originate from
sources that are independent of vesicular transmitter-related pools
(Mcllwain, 1972; Daval et al., 1980; Hollins and Stone, 1980; Hollins
et al., 1980; Stone et al., 1981; Lloyd and Stone, 1980). The distinc-
tion is supported by the temporal contrast between the rapid release of
transmitters, which is induced by high potassium depolarization and
the relatively tardy efflux of purines (Daval et al., 1980; Lloyd and
Stone, 1983; Fredholm and Vernet, 1978). A similar dissociation has
been noted using the vas deferens (Fredholm et al., 1982). It is still
unclear whether the slower efflux of purines compared with neuro-
transmitters results from a different site or mechanism of release, but
it is interesting to note that other peculiar and as yet unexplained
features of purine release have been reported. Most particularly, a
chemical depolarizing stimulus delivered with a “square wave” pro-
file causes a release of purine only when it is removed (Hollins and
Stone, 1980; see Jonzon and Fredholm, 1985).

As with many of the peripheral tissues discussed earlier, how-
ever, interpretation of the site of purine release is often complicated
by conflicting or confusing results. Pull and Mcllwain (1973) re-
ported a calcium-dependent release of prelabeled purines upon elec-
trical stimulation of brain slices, but found that tetrodotoxin dimin-
ished the nucleoside efflux by 70-80% with little effect on the release
of nucleotides. The potassium-induced release of purines was not de-
pendent on calcium concentration, however, whether from brain
slices (Pull and Mcllwain, 1973) or from hypothalamic synaptosomes
(Fredholm and Vernet, 1979), whereas the veratridine or electrically
evoked release was calcium dependent. Fredholm and Vernet (1979)
concluded their paper with the proposal that the calcium-dependent
release of purines from neuronal tissues was the result of increased
energy consumption or of diminished production.

A conflicting pattern of results was obtained by Bender et al.
(1981) using cortical synaptosomes. In their hands, 60% of the radio-



Adenosine Release 183

labeled purine content could be released by potassium stimulation,
but this release was calcium dependent. Release by veratridine on the
contrary was enhanced in calcium-free solutions.

One attempt to probe this confusion further has been made by
Wau et al. (1984) using a mitochondrial P2 fraction from rat cortex,
labeled with tritiated adenosine. In this system, the release induced by
potassium, veratridine, or glutamate (which did not elicit release from
hypothalamic synaptosomes) was not changed by removing calcium
or adding calcium channel blocking agents. Indeed, calcium removal
potentiated glutamate-induced release. Interestingly, the organic
calcium channel blockers D600 and diltiazem selectively increased
potassium-evoked purinerelease, but nifedipine enhanced selectively
the release produced by veratridine. This fascinating finding may
imply slightly different actions of the channel blockers or the exis-
tence of different releaseable pools of purines.

The technique of superfusion with components of the luciferin/
luciferase ATP assay system was modified by White (1978) to reveal
the release of ATP from depolarized hypothalamic synaptosomes. In
a later study by Fredholm and Vernet (1979), no nucleotide release
could be detected in response to potassium depolarization. ATP was
obtained, however, with little loss because of metabolism, following
lysis of the synaptosomes. Although not concerned primarily with
ATP, Wyllie and Gilbert (1980) did detect ATP released from cortical
synaptosomes, but this remained unmetabolized far longer than in the
study by White (1978). The occurrence and metabolism of ATP re-
leased from central nerve terminals therefore is still something of a
mystery, although the occurrence of a calcium-dependent, tetrodo-
toxin-insensitive release by potassium, and a low calcium-enhanced,
tetrodotoxin-sensitive release by veratridine would be consistent with
many studies of CNS release of more classically recognized neuro-
transmitters (White, 1978; White et al., 1985). A communication by
Pollard and Pappas (1979), however, claimed that the veratridine-
evoked release of ATP was calcium dependent.

Subsequent work by White’s group has been directed at defining
the source of released synaptosomal ATP in terms of specified popu-
lations of nerve terminal. There is some regional variation in the
ability of brain samples to release ATP in response to potassium
stimulation, with striatum and cortex being the best sources (Potter
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and White, 1980). The distribution of this release sensitivity corre-
lates to some extent with the distribution of cholinergic neurons, but
whereas botulinum toxin suppresses acetylcholine release, it does
not alter ATP release (White et al., 1980).

Similarly, 6-hydroxydopamine pretreatment does not diminish
ATP release (Potter and White, 1982). Unless, therefore, there is a
very substantial metabolic or purely purinergic release of ATP suffi-
cient to mask all other sources, it must be concluded that the release
is not from cholinergic or adrenergic neuron terminals.

A different approach to the demonstration of purine release in the
CNS was taken by Schubert’s group, who injected radiolabeled
adenosine into the entorhinal cortex of anesthetized rats and then
examined the distribution of label after a suitable recovery period.
The label, as expected, was taken up by local entorhinal neurons and
some of the label was transferred, presumably by axoplasmic flow
into the target areas of the entorhinal-hippocampal projections. Some
of the tritium was clearly detectable in neurons linked synaptically
with the injected neurons, leading to the proposal that some label had
been transferred transneuronally. Interestingly, the amount of such
transfer appeared to correlate with the amount of electrical stimula-
tion delivered to the entorhinal neurons during the recovery period
(Schubert et al., 1976). The sites of transfer also correlated with the
localization of 5'nucleotidase (Schubert et al., 1979), an observation
that was interpreted toindicate that the original tritiated adenosine had
been taken up, converted to nucleotides, transported, and released as
nucleotide at the neuron terminals, and the labeled hydrolysis prod-
uct, adenosine, formed extracellularly by other neurons only when the
relevant enzyme was present. Release of labeled adenosine by the
relevant neuron terminals has been shown ex vivo by this group (Lee
et al., 1982).

Arelease of purines has also been demonstrated from the surface
of the cerebral cortex in vivo, including nucleoside (Perkins and
Stone, 1983; Sulakhe and Phillis, 1975; Jhamandas and Dumbrille,
1980) and nucleotide (Wu and Phillis, 1978) components. Using a
push—pull cannula, release can also be demonstrated in deeper struc-
tures of the brain (Barberis et al., 1984), although the recent trend is
to use in situ electrochemical methods to detect the uric acid produced
from adenosine.
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Although most authors have speculated on the precise cellular
origin of central purines, the problem has received little direct exami-
nation. Wojcik and Neff (1983) attempted an answer by lesioning
components of the rat striatum. Although decortication and 6-hy-
droxydopamine lesions of afferent fibers had no effect on adenosine
release, kainic acid, which destroys cell bodies within the area of
administration, did decrease potassium-evoked release of endogen-
ous adenosine. The release of adenosine in this case thus appears to
originate entirely from elements within the body of the striatum,
probably neuronal cell bodies.

Although the effects of several drugs have been examined on
purine release from the CNS (Pull and Mcllwain, 1976), opiates have
proved particularly interesting. Morphine became of interest fol-
lowing the suggestion that purines might mediate some of the in-
hibitory effects of this drug on synaptic transmission in peripheral and
central tissues (Sawynok and Jhamandas, 1976; Perkins and Stone,
1980; Stone and Perkins, 1979). Morphine has been shown to in-
crease significantly the stimulated efflux of purines from brain slices
in vitro (Fredholm and Vemet, 1978; Stone, 1981a; Wu et al., 1982)
as well as from the brain in vivo after peripheral administration
(Phillis et al., 1979). However, morphine applied directly to the
cortical surface did not elicit any increase of purine release; rather, it
suppressed glutamate-induced release (Jhamandas and Dumbrille,
1980). The endogenous opioid peptide, metenkephalin, was also
found to enhance electrically evoked release of purines from rat
cortex slices (Stone, 1981a), though in a study of the mouse vas
deferens, Stone (1981b) reported that morphine did not increase
purine release from this tissue. Since morphine potently depresses
neurotransmission in this preparation, the generality of any relation-
ship between opiate action and purine release is questionable.

Whereas the studies just discussed were concerned with the
relationship between synaptic transmission and purine release, a
different emphasis has been given by studies of the role of adenosine
in cerebral blood flow. In such studies, other manipulations were
employed aimed at increasing cerebral energy expenditure, or reduc-
ing its supply of substrates and oxygen. Increasing oxygen demand
by inducing seizures with bicuculline in rats (Winn et al., 1980a) or
cats (Schrader et al., 1980) rapidly increased tissue adenosine concen-



186 Stone, Newby, and Lloyd

tration. Ischemia also caused rapid accumulation of adenosine in
excised brains (Deuticke and Gerlach, 1966). Hypoxia, hypercapnia,
and hypotension as well as electrical stimulation increased adeno-
sine concentration in brain tissue obtained by the “freeze-blow”
technique (Rubio et al., 1975; Winn et al., 1979, 1980b, 1981). Sus-
tained hypoglycemia also elevated brain adenosine concentration
(Winn et al,, 1983).

The cellular source of adenosine release in response to these
stimuli has not been investigated systematically, though a recent in-
vestigation by Braas et al. (1986) may be relevant here. In these
studies, an antibody raised to haptenized adenosine was used to local-
ize the nucleoside cytochemically in fixed sections of brain tissue. A
highly selective distribution of adenosine-containing neurons was
revealed. Most importantly for this discussion, the intensity of stain-
ing was enhanced without changing its distribution by procedures that
lengthened the ischemic time of the tissues prior to fixation. This
suggests that the neurons localized may be those metabolically ac-
tive in adenosine formation (Braas et al., 1986).

2.2.1. Retina

The accumulation into neurons and glia and the subsequent
depolarization-evoked, calcium-dependent release of purines have
also been demonstrated recently in preparations of the rabbit retina
(Perez et al., 1986). Of special interest was the discovery that phenyl-
isopropyladenosine, a compound not normally considered to be a
substrate for the purine uptake systems, was also accumulated and
released, though in this case the cells involved appeared to be only
neurons (Perez and Ehinger, 1986). This finding may prove to have
major implications for the many studies carried out using phenyliso-
propyladenosine as a stable analog of adenosine at purine receptors.

2.3. Nonneuronal Cells

2.3.1. The Heart
The earliest reports of purine release fromisolated hearts (Berne,
1963; Gerlach et al., 1963; Imai et al., 1964; Richman and Wyborny,
1964; Katori and Berne, 1966) were contemporary with early studies
in neuronal tissue. Attention focused on ischemia, hypoxia, or inhi-
bition of energy production through oxidative phosphorylation as the
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triggers of adenosine formation. Taken together with the known
coronary vasodilator action of adenosine, these observations sug-
gested that adenosine might be the intrinsic agent responsible for
autoregulation of coronary blood flow (Berne, 1964). Later experi-
ments, including many with more intact preparations, such as the
chronically instrumented, conscious dog, demonstrated that adeno-
sine formation also accompanied an increase in myocardial energy
demand (Miller et al., 1979; Foley et al., 1979; Saito et al., 1980;
McKenzie et al., 1982; Knabb et al., 1983). Indeed, adenosine con-
centration was shown to be greater in the heart during systole than
diastole (Thompson et al., 1980). Recent experiments by Barden-
heuer and Schrader (1986) using isolated working guinea pig hearts
have shown that the release of adenosine, which normally accompa-
nies an increase in cardiac work, can be avoided if the supply of
oxygen and metabolites is simultaneously increased by overperfu-
sion. These data emphasize that it is an imbalance between energy
supply and demand, rather than an increase in work rate per se, that
is responsible for adenosine production.

The predominant purines released from the heart are adenosine,
inosine, hypoxanthine, and uric acid, although low concentrations of
adenine nucleotides have also been detected (Paddle and Burnstock,
1974; Clemens and Forrester, 1980; Schrader et al., 1982). Experi-
ments performed in the presence of inhibitors of adenosine metabo-
lism reveal that adenosine is the predominant purine released during
myocardial ischemia (Achterberg et al., 1985; Newby et al., 1987).

The cellular source of adenosine production in the heart has been
investigated. When guinea pig perfused hearts are prelabeled with
low concentrations of [*H]adenosine, perferential incorporation into
vascular endothelium occurs (Nees et al., 1985a), leading to a higher
relative specific activity in the endothelial nucleotide pool. Under
normoxic conditions, released purines have high specific radioactiv-
ity (Schrader and Gerlach, 1977; Deussen et al., 1986), suggesting
that they derive mainly from endothelium. This agrees with the
conclusions of Achterberg et al. (1986), who showed that the major
purine released from normoxic rat hearts is uric acid, which is formed
by xanthine oxidase found exclusively in the microvascular endothe-
lium. During hypoxic perfusion of prelabeled guinea pig hearts, re-
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lease of [*H]adenosine increases, but its specific activity falls
(Schrader and Gerlach, 1977; Deussen et al., 1986) indicating that
adenosine release from endothelium is stimulated, but that release
from cardiac myocytes is accelerated to an even greater extent.
Whether adenosine formation from both pools occurs in direct re-
sponse to an imbalance between energy supply and demand has yet to
be established. Anincrease in cardiac work would be expected to lead
to an increased energy demand primarily in the cardiac myocytes.
How this results in adenosine release from endothelium remains to be
investigated.
2.3.2. Skeletal Muscle

Early studies of globally ischemic rat skeletal muscles sug-
gested that they were less active in adenosine formation than either
heart or brain (Deuticke and Gerlach, 1966; Rubio et al., 1973). This
was explained by the much higher activity of AMP-deaminase in
skeletal muscle than in other tissues (see Ogasawara et al., 1978),
which favored, therefore, deamination rather than dephosphoryla-
tion of AMP. Nonetheless, consistent reports of increased tissue ad-
enosine concentration in response to ischemia or contraction have
been presented with some skeletal muscle preparations (Dobson et
al.,1971; Bockman etal., 1976; Phair and Sparks, 1979; Belloni et al.,
1979), but not others (Phair and Sparks, 1979). This inconsistency
may be explained by the dramatically greater activity of AMP deami-
nase in muscles of the glycolytic (fast twitch) rather than oxidative
(slow twitch) types (Raggi et al., 1969; Bockman and McKenzie,
1983). Bockman and McKenzie (1983) showed that cat stimulated
isolated soleus muscle, which contained a relatively low activity of
AMP deaminase and a high activity of 5'-nucleotidase, did show
adenosine accumulation, whereas cat gracilis muscle, which con-
tained high AMP deaminase and low 5'-nucleotidase activity, did not.
Dog gracilis muscle was biochemically similar to cat soleus muscle,
whereas dog cardiac muscle had an even lower AMP deaminase to 5'-
nucleotidase ratio. Examination of the relationship between the con-
tent of these enzyme activities and the capacity for adenosine forma-
tion in a wider range of muscles would, clearly, be valuable.

The cellular source of adenosine production in skeletal muscle
does not appear to have been studied. In electrically stimulated
muscle preparations, there is the possibility of both presynaptic and
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postsynaptic release of adenosine. Total tissue activities of AMP
deaminase might be expected to have more impact on the production
of adenosine postsynaptically. Release of ATP has also been ob-
served from exercising skeletal muscle (Forrester, 1972). Its cellular
origin is, likewise, unknown.

2.3.3. The Kidney

A role for adenosine has been proposed in the intrinsic control
of glomerular filtration rate and in renin release (Spielman and
Thompson, 1982; Osswald et al., 1982). Adenosine formation occurs
in the kidney during global ischemia (Osswald et al., 1977) or during
an increase in reabsorptive work caused by sodium loading (Osswald
etal., 1980). The cellular site of adenosine formation is thought to be
the epithelial cells responsible for sodium reabsorption.

2.34. Adipose Tissue

Adenosine inhibits lipolysis (Schwabe et al., 1973; Sollevi and
Fredholm, 1981) and promotes insulin stimulation of glucose uptake
(Schwabe et al., 1974; Martin and Bockman, 1986) in rat isolated
adipocytes and dog adipose tissue in situ. Adenosine also increases
dog adipose tissue blood flow (Sollevi and Fredholm, 1983). These
effects appear to be directed toward preventing formation, toward
reesterifying, or toward removing free fatty acid, which might other-
wise uncouple adipocyte mitochondrial oxidative phosphorylation
(Angel et al., 1971). Release of adenosine was observed from dog
adipose tissue during stimulation of lipolysis, but only when this was
accompanied by constriction of the local arteriole (Fredholm and
Sollevi, 1981). According to these authors, this indicated that adeno-
sine formation was not a direct consequence of neural activation or of
lipolysis, but resulted from a deranged metabolic state in the adi-
pocytes. The time course of adenosine formation, which lagged
behind lipolysis, was also consistent with this proposal (Fredholmand
Sollevi, 1981). Extensive studies of rat adipocytes in vitro also fail to
show enhanced adenosine formation during stimulation of lipolysis
(Schwabe et al., 1973; Fain, 1979). Indeed Fain (1979) found that,
even when free fatty acid was allowed to accumulate such that adi-
pocyte ATP concentrations were greatly reduced, AMP accumulated
inside the fat cells and adenosine was not released. Itis possible that
dog adipocytes might behave differently. Nonetheless, other sources



190 Stone, Newby, and Lloyd

of adenosine formation in adipose tissue need to be considered.
Fredholm and Sollevi (1981) reported that the specific activity of
adenosine released from prelabeled adipose tissue was different
when neural stimulation or noradrenaline infusion was used to stim-
ulate lipolysis. This suggests the existence of multiple nucleotide
pools that can release adenosine differentially.

2.3.5. Blood Platelets
Blood platelets release ATP, ADP, and other dense granule con-
tents during the secondary phase of aggregation (for review, see
Holmsen and Weiss, 1979; Huang and Detwiler, 1986). As much as
65% of the platelet adenine nucleotides may be in the intravesicular
pool, which is not in rapid metabolic equilibrium with the cytosolic
pool. Released ADP promotes further aggregation and is only slowly
hydrolyzed in blood to form adenosine, which is capable of inhibit-
ing platelet aggregation. Formation of adenosine from nucleotides
is, however, greatly accelerated in blood perfusing vascular beds
(Pearson, 1985). Platelet aggregation also leads to degradation of
cytoplasmic ATP (Mills, 1973), although the release of purine from

this pool has not been systematically studied.

2.3.6. Polymorphonuclear Leucocytes

Adenosine inhibits oxygen consumption and reactive oxygen
metabolite production by stimulated human neutrophils (Cronstein et
al., 1983; Roberts et al., 1985), suggesting that it might act as a
physiological inhibitor of the inflammatory response. During phago-
cytosis, the ATP content of human neutrophils declines to about
50% (Borregaard and Herlin, 1982), and this degree of nucleotide
catabolism results in adenosine formation in rat polymorphonuclear
leucocytes (Newby and Holmquist, 1981). Adenosine production
accounts for only 6% of total purine degradation, however, (Newby
and Holmquist, 1981), so that it is possible that other sources, such as
cells damaged by the action of reactive oxygen metabolites, might
provide the regulatory pool of adenosine (Roberts et al., 1985).

2.3.7. Cells Isolated from Tissues by Enzyme Digestion

These experimental models are useful to define more precisely
the biochemical mechanisms underlying adenosine formation, but
they have some general limitations. First, immediately after isola-
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tion with proteolytic enzymes, cells tend to be extremely fragile and
may release large quantities of nucleotides and/or cytosolic enzymes
(Rodbell, 1966; Stanley et al., 1980; Pearson and Gordon, 1979;
Jacobson and Piper, 1986). Such release may be exacerbated by
experimental manipulations. Cells that remain viable in tissue cul-
ture subsequently show much greater stability (Meghiji et al., 1985;
Jacobson and Piper, 1986). Secondly, isolated cells show metabolic
perturbation, such as loss of glycogen (Wagle et al., 1973), proteo-
lysis of surface components, and increased membrane permeability
to ions (Jacobson and Piper, 1986). Cells maintained in culture may
cease to express or induce expression of cell surface components.
Thirdly, isolated or cultured cells are often removed from the nor-
mal metabolic loads they sustain. This is particularly apparent in the
case of myocytes, which although they may beat when isolated do not
undergo loaded contractions. This has a profound effect on their rate
of oxygen consumption compared to the tissues in vivo (Jacobson and
Piper, 1986). For this reason, metabolic inhibitors, rather than more
physiological stimuli, are required to elicit ATP breakdown and
adenosine formation. A fourth drawback of unperfused, isolated cell
systems is that released purines may be very efficiently taken up, and
either deaminated or reconverted to nucleotides. Adenosine de-
aminase may be inhibited with 2'-deoxycoformycin and adenosine
kinase with either 5'-iodotubercidin or 5'-deoxy-5'-amino adenosine
(Newby, 1981). In the presence of these inhibitors, adenosine accu-
mulates in static incubations of Ehrlich ascites tumor cells, polymor-
phonuclear leucocytes, or cultured heart cells (Lomax and Hender-
son, 1973; Newby and Holmquist, 1981; Meghji et al., 1985). These
inhibitors may also be used, even with tissue preparations, to measure
absolute rather than net rates of adenosine production. The relative
importance of deamination vs dephosphorylation of AMP can also be
assessed. Adenosine production in Ehrlich ascites tumor cells poi-
soned with 2-deoxyglucose accounted for 18% of the ATP broken
down (Lomax and Henderson, 1973). Adenosine also accounted for
18% of ATP breakdown in cultured neonatal rat heart cells poisoned
with oligomycin and 2-deoxyglucose (Meghji et al., 1985). This
compared with values of 6% for polymorphonuclear leucocytes poi-
soned with 2-deoxyglucose (Newby and Holmquist, 1981) and 65%
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for globally ischemic rat hearts (Newby et al., 1987). More cell types
need to be analyzed in this way before the significance can be assessed
of the very high propensity of ischemic hearts to produce adenosine.

Net formation of adenosine has been measured in cultured chick
heart cells during hypoxia (Mustafa, 1979) and in freshly isolated
adult cardiocytes poisoned with dinitrophenol or iodoacetate
(Bukoski and Sparks, 1986). Net production of adenosine has also
been measured' in isolated hepatocytes under basal conditions
(Bontemps et al., 1983) during incubation with glycerol or fructose
(Des Rosiers et al., 1982) and during hypoxia (Belloni et al., 1985).
Several preliminary reports have appeared regarding net formation
of adenosine from vascular endothelium during hypoxia, hyper-
capnia, or treatment with metabolic inhibitors (Nees and Gerlach,
1983; Nees et al., 1985; Pearson and Gordon, 1985). The principal
purine normally released from small vessel endothelium appears,
however, to be uric acid (Nees et al., 1985a; Achterberg et al., 1986).

Release of ATP occurs from pig aortic endothelium during treat-
ment with trypsin and EDTA (Pearson and Gordon, 1979). Nucleo-
tide release was evoked also by mechanical agitation, collagenase
treatment, and perhaps most significantly, after treatment with throm-
bin. Similar release did not, apparently, occur from guinea pig mi-
crovascular endothelial cells (Nees and Gerlach, 1983). Release of
32p-labeled material also occurred from a number of cultured cell lines
exposed to ATP (Trams, 1974). This raised the possibility that ATP
release might propagate furtherrelease of ATP fromneighboring cells
(Trams, 1974).

These studies establish the capacity of certain cell types to re-
lease either nucleotides, nucleosides, or both. Different experimental
approaches are required, however, to establish whether such release
occurs in an organized tissue under any physiological stimulus.

3. Metabolic Sources
and Mechanisms of Adenosine Release

From the preceding discussion, two different physiological
situations are apparent in which purines, including adenosine, are
produced. Neuronal firing and platelet aggregation release nucleo-
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tides from a well-defined intravesicular store. On the other hand,
purines are released both from these cells and from others that do not
contain an obvious intravesicular nucleotide pool in response to an
imbalance between energy supply and demand. These two processes
are linked in tissues with innervation, since exocytosis is, in itself,
energy requiring and neurotransmitter action often provokes energy
expenditure postsynaptically. The following sections describe the
known biochemical mechanisms that may contribute to adenosine
formation and review the evidence regarding their relative contri-
bution.

3.1. Adenosine Formation from Extracellular Nucleotides

This subject has been reviewed recently (Pearson, 1985; Pear-
son and Gordon, 1985; Gordon, 1986). Hydrolysis of released ATP
occurs by the sequential action of distinct ATPase, ADPase, and 5'-
nucleotidase enzymes (Pearson et al., 1980), all of which have their
active sites directed to the extracellular space (Pearson, 1985). The
ecto-ATPase is present on a large variety of mammalian cell types
(Pearson, 1985), it has a K_ below 500 uM, and in endothelial cells,
hydrolyzes the B,y-bidentate complex of ATP-Mg? (Cusack et al.,
1983). The ADPase has been sought in fewer tissues (Pearson, 1985),
but it does occur together with ecto-ATPase in neutrophils, some
lymphocytes, vascular smooth muscle cells, and endothelium. The
enzyme from endothelium has a K_ of 160 uM and hydrolyzes the
o,B-bidentate ADP-Mg? complex (Cusack et al., 1983). The ecto-5'-
nucleotidase is the most thoroughly studied ectonucleotidase, and it
is often thought to be distributed ubiquitously on nucleated mam-
malian cells. Its activity in different tissues and its location within
tissues show, however, some remarkable variations between species
(Nakatsu and Drummond, 1972; Lee et al., 1986). Table 1 and Fig.
1 show the total activities and cytochemical distribution of ecto-5'-
nucleotidase in hearts from five species. Whereas in rat and guinea
pig hearts there is an abundance of 5'-nucleotidase apparently dis-
tributed on all cell types, in rabbit heart the much lower activity
appears confined to vascular smooth muscle cells. In the pigeon
heart, the total activity of 5'-nucleotidase is extremely low, and resid-
ual activity does not appear concentrated in any visible structure.
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Table 1
Activities of AMPases in Hearts of Different Species*
Enzyme activity (umol/min/g wet wt)

Ecto-5'- Nonspecific Cytosolic-5'-

Species nucleotidase phosphatase nucleotidase
Rat 4900 + 300 870 £ 150 410t 40
Guinea Pig 3600 £ 800 490 £ 240 300 + 100
Turtle 510+ 50 170+ 20 116+ 9
Rabbit 210+ 40 78+ 10 280+ 40
Human (n=3) 1000300 150+ S0 150+ 20
Pigeon 16+ 4 34+ S 590+ 40

*Ventricular, tissue (n = 6) was homogenized at 4°C in 9 vol of 20 mM di-
methylglutarate, pH 7.0, 1 mM EDTA-dithiothreitol. Ecto-5'-nucleotidase activity
was measured in the homogenate with 0.2 mM AMP as substrate (Newby et al.,
1975) with 10 mM B-glycerophosphate present. Nonspecific phosphatase was
estimated as the increase in AMPase activity when B-glycerophosphate was omitted
(Newby, 1980). Cytosolic 5'-nucleotidase activity was measured in a 100,000 x g,
60-min supernatant with 3 mM IMP as substrate and with 5 mM ATP present
(Worku and Newby, 1983). Values are mean + SEM.

Similar variations between species were found in the regional distri-
bution of 5'-nucleotidase within the hippocampal area of the brain
(Lee et al., 1986).

Nucleotide monophosphates could also be hydrolyzed by an
ecto-(nonspecific) phosphatase (Pearson, 1985). This enzyme ap-
pears less widely distributed than 5'-nucleotides, but is present
together with ecto-ATPase on polymorphonuclear leucocytes (Pear-
son, 1985). In our study of nucleotidase activities in hearts from
different species (Table 1), 5'-nucleotidase and nonspecific phos-
phatase activity varied roughly in parallel. It does not seem likely,
therefore, that the nonspecific enzyme substitutes for 5'-nucleotidase
in tissues where this is lacking.

Three principal means have been used to determine the contri-
bution of hydrolysis of released nucleotides to adenosine produc-
tion. First, as detailed in the sections relating to each tissue, release
of nucleotides, particularly ATP, has been observed directly. The
proportion of total purines released as ATP, has, however, been
small and arguments that such values can be corrected up by one or
two orders of magnitude so as to allow for ectonucleotidase activity
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Fig. 1. Cytochemical localization of ecto-5'-nucleotidase in hearts. Ecto-5'-
nucleotidase was localized by the method of Wachstein and Meisel (1957). Briefly,
frozen sections (20um) of (A) rat, (B) guinea pig, (C) turtle, (D) rabbit, (E) human,
and (F) pigeon ventricular myocardium were air-dried, fixed, and incubated with
AMP in the presence of lead nitrate. The lead phosphate precipitate was visualized
with ammonium sulfite. Panel G shows the staining obtained with rat myocardium
when AMP was omitted. Micrographs were obtained under bright field
illumination at a magnification of 100x (Meghji, et al., 1988).
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(Forrester, 1981) are provocative, but are no substitute for exper-
imental observations. Unfortunately, there are no known potent
inhibitors of ecto-ATPase, although inhibitors of ecto-ADPase (e.g.,
adenylylimidodiphosphate) and ecto-5'-nucleotidase (e.g., o,B-
methylene-ADP, antibodies, and lectins) are available (Pearson,
1985). Inhibition of ecto-5'-nucleotidase should trap all released
nucleotides as AMP. Promising preliminary data have been presented
by Imai et al. (1986) using this approach to study ischemia-induced
adenosine release from guinea pig hearts.

One reason why this approach has not been more widely adopted
is the relative difficulty of measuring AMP concentration with the
firefly luciferase assay. This assay method is both more sensitive than
alternative chromatographic methods (Pearson, 1985) and can be
used to measure release continuously. Application of the luciferase
method in the presence of exogenous adenylate kinase, an ATP-re-
generating system and an inhibitor of 5'-nucleotidase, may be a fea-
sible approach to measuring total adenine nucleotide release.

A marker of tissue disruption is needed in any such study to
establish the specificity of nucleotide release. Cell injury may pass
through several thresholds (Morgan et al., 1986; Patel and Campbell,
1987). In the first, there is increased membrane permeability to ions,
in the second, release of low molecular weight cellular contents, and
in the third, disruption accompanied by release of cytoplasmic en-
zymes. No satisfactory marker has been applied to studies of adeno-
sine formation for the nonspecific release of low molecular weight
cellular components. For isolated-cell experiments, penetration of
trypan blue or of the dye propidinium iodide, which becomes fluores-
centon binding to DNA, can be used (Patel and Campbell, 1987). For
tissues, simultaneous measurement of release of ATP and GTP may
be a possibility. Many studies have, however, used lactate dehydro-
genase release as a marker of complete cell disruption. Conclusions
drawn from those studies in which no marker of cell integrity was
employed should be viewed with scepticism.

A second method to decide whether adenosine arises from re-
leased nucleotides is to determine the influence of inhibitors of ecto-
5'-nucleotidase on the rate of formation of adenosine. A competitive
inhibitor, o,3-methylene ADP (Burger and Lowenstein, 1970) abol-
ished the hypoxia-induced increase in tissue adenosine concentration
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in the isolated perfused rat kidney and reduced by 62% release of
adenosine into the venous effluent (Ramos-Salazar and Baines,
1986). Although the inhibitor appeared to penetrate to all compart-
ments of the kidney (Ramos-Salazar and Baines, 1986), this should
not affect the interpretation of these experiments, since the cytosolic
5'-nucleotidases are not inhibited by a,-methylene ADP (Worku and
Newby, 1983).

Adenosine release into the perfusate of rat or guinea pig hearts
was not blocked with o,B-methylene ADP (Frick and Lowenstein,
1976; Schrader, 1983), although the small component released into
the lymphatic drainage may be prevented (Imai et al., 1986). Adeno-
sine formation from cultured neonatal rat heart cells that remained
>99% intact was also not impaired by an antiserum that inhibited ecto-
5'-nucleotidase (Meghiji et al., 1985). On the other hand, net release
of adenosine from freshly isolated adult rat cardiocytes (Bukoski and
Sparks, 1986) was partially inhibited by o,B-methylene ADP, al-
though the degree of cellular disruption was not measured. The evi-
dence of cellular disruption was not measured. The evidence for
adenosine production from extracellular nucleotides in the heart is,
therefore, unconvincing.

Adenosine production from superfused electrically stimulated
synaptosome beds was also not prevented by a,B-methylene ADP
(Pons et al., 1980; Daval and Barberis, 1981), despite evidence from
other studies that ATP was released (see above). This suggests that
production of adenosine was overwhelmingly from other sources.
Recent studies with a highly purified preparation of cholinergic
synaptosomes (Richardson et al., 1987) show that inhibition of 5'-
nucleotidase can block both adenosine formation from endogenous
nucleotides and its effect to reduce acetylcholine release. These
experiments in which cytoplasmic sources of production were ab-
sent illustrate the point that local production of small quantities of
adenosine in the synapses of selected neurons might still provide
regulatory concentrations.

It is most disappointing that the function of endothelial ecto-
enzymes has not been tested directly in relation to platelet—vessel
wall interactions. The kinetic properties of the enzymes suggest that
platelet aggregation in the vicinity of endothelium should result in a
burst of proaggregatory ADP production and then a delayed burst of
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antiaggregatory adenosine formation (Gordon et al., 1986). Despite
this, enhanced aggregation of platelets at the surface of a damaged
vessel wall has yet to be demonstrated during inhibition of ecto-5'-
nucleotidase.

The absolute rate of adenosine formation from intact poly-
morphonuclear leucocytes undergoing ATP breakdown was not at
all reduced by inhibition of ecto-5'-nucleotidase with antibodies
(Newby and Holmquist, 1981). Net formation of adenosine from
resting or dinitrophenol poisoned hepatocytes were likewise unaf-
fected by methylene ADP (Bontemps et al., 1983; Belloni et al.,
1985). These studies provide further evidence for a pathway of
adenosine formation that does not involve the ecto-5'-nucleotidase.

The distribution of ecto-nucleotidases has also been used as a
third method for arguing in favor or against adenosine formation
from extracellular nucleotides. Ecto-ATPase has been found, for
example, in synaptosome fractions from the brain (Sorensen and
Mahler, 1982; Nagy et al., 1983) and from the electric organ of Tor-
pedo marmorata (Keller and Zimmerman, 1983). Ecto-5'-nucleo-
tidase has, however, a largely extrasynaptic location according to
cytochemical methods (review by Kreutzberg et al., 1986) or im-
munological methods (Richardson, 1983), although enzyme activity
may be associated with some limited synaptosomal subpopulations
(Kreutzberg et al., 1986; Richardson and Brown, 1987). The absence
of a close association between 5'-nucleotidase and A -adenosine
receptor localization in the hippocampus (Lee et al., 1986) and retina
(Braas et al., 1987) of various mammals also argues against a general
role for catabolism of released nucleotides in providing the adeno-
sine for action at these receptors.

The virtual absence of ecto-5'-nucleotidase from the pigeon
ventricle was recently exploited (Newby and Meghji, 1986) to test
whether the enzyme was essential for ischemia-induced adenosine
formation. Adenosine formation proceeded at arate of 410+ 4 nmol/
min/g wet wt during the first 2 min of ischemia, despite the presence
of only 16 + 4 nmol/min/g wt of ecto-5"-nucleotidase. Mechanisms
other than ecto- 5'-nucleotidase are, therefore, responsible for adeno-
sine formation in this tissue.
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3.2. Adenosine Formation from Intracellular Nucleotides

Tissue concentrations of adenosine are frequently in excess of
those in tissue effluents, and this difference persists during ATP
catabolism (reviewed by Arch and Newsholme, 1978). These data
provided the first suggestion that adenosine might be produced by an
intracellular pathway. This conclusion was challenged, however
(Berne and Rubio, 1974), on the grounds that adenosine-metaboliz-
ing enzymes are active in the cytosol and that tissue adenosine might
be present instead in a poorly perfused interstitial compartment. A
large proportion of tissue adenosine was later shown to be in a
metabolically inactive complex with S-adenosylhomocysteine hy-
drolase (Ueland and Saebo, 1979).

Intracellular formation of adenosine was first demonstrated
conclusively in intact polymorphonuclear leucocytes (Newby and
Holmquist, 1981) by simple separation of cells and medium. Simil-
ar experiments were later conducted with neonatal rat heart cells in
culture (Meghji et al., 1985). An ingeneous strategy was used to
demonstrate cytosolic production of adenosine in the perfused
guinea pig heart. Schrader et al. (1981) and Schutz et al. (1981) ex-
ploited the reversibility of the cytosolic enzyme S-adenosylhomo-
cysteine hydrolase to trap cytoplasmic adenosine as S-adenosyl-
homocysteine by adding exogenous L-homocysteine. Accumulation
of S-adenosylhomocysteine was enhanced in the simultaneous pres-
ence of a nucleoside transport inhibitor. This ruled out the possibil-
ity that homocysteine combined with adenosine originally released
into the interstitial fluid and then was taken up again via the nucleoside
transporter. Trapping of cytosolic adenosine with L-homocysteine
has been used recently to demonstrate adenosine formation in the
cytosol of brain tissue (McIlwain and Poll, 1986).

Nucleoside transport inhibitors have been shown to block the
release of adenosine from neonatal heart cells (Meghji et al., 1985),
from adult cardiocytes (Bukoski and Sparks, 1986), and from hepa-
tocytes (Belloni et al., 1985). This provides further evidence for
cytoplasmic production of adenosine and identifies the symmetric
nucleoside transporter as the mechanism of adenosine release. It
does, however, pose the question as to how nucleoside transport
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inhibitors can act as coronary vasodilators. If they prevent release
of adenosine from cardiac myocytes, how can they increase the
concentration of adenosine at smooth muscle cell surface receptor
sites? This question has been addressed by a mathematical model-
ing study (Newby, 1986). The model predicted that the quantitative
effect of nucleoside transport inhibitors was always less profound on
adenosine release from cardiomyocytes than on uptake and inactiv-
ation by smooth muscle cells and endothelium. The potentiation of
adenosine action by nucleoside transport inhibitors was, thereby,
explained. The model reemphasized in addition the need for a suf-
ficiently active nucleoside transporter in the putative adenosine-
forming cells so as to allow export rather than rephosphorylation or
deamination of cytosolic adenosine. This problem is particularly
acute with respect to adenosine kinase, which has a K_ value below 1
UM (Arch and Newsholme, 1978). Arch and Newsholme (1978)
suggested that the rate of adenosine formation might be sufficiently
rapid to saturate the adenosine kinase even under basal conditions.
Acceleration of adenosine formation would then lead to a dispro-
portionate rise in adenosine concentration owing to the operation of
a substrate cycle. Experimental tests of this hypothesis do reveal
formation and rephosphorylation of adenosine under basal condi-
tions. They suggest, however, that the kinase is far from saturated
(Newby et al., 1983; Bontemps et al., 1983; Achterberg et al., 1986).

It is likely that an increase in adenosine concentration is brought
about largely by increasing its rate of formation. Acceleration of
adenosine formation can be observed even when adenosine metabo-
lism is inhibited (Newby and Holmquist, 1981; Newby et al., 1983;
Meghji et al., 1985). Inhibition of the adenosine kinase has been
observed during extreme ATP-depletion (Newby et al., 1983), but
other evidence that it contributes significantly to increasing adeno-
sine release is lacking. No physiological inhibitors of adenosine
deaminase are known.

3.2.1. Adenosine Formation by Concerted Action
of Adenylate Kinase and Cytosolic 5°-Nucleotidase
The pathways that might contribute to cytoplasmic adenosine
formation are illustrated in Fig. 2. The enzyme adenylate kinase is
highly active in mammalian cells, and therefore, catalyzes a thermo-



Adenosine Release 201

methionine adenosyl-transferase

[ ]
ATP MET ~ SAM ¢
X x e
@
\ K
AN
§ 5 ¢ 2
Q o
c N Me-X °o =
< N X9 3=
Ve 3
\ < £
\’9’ v » "é
\ 4
NS SAH
00
S \ °
s ‘ zs
2 s
— °
€ HeY & ® 2
k-] >
L] F -4

~»  ADENOSINE

5’—nucleotidase
Fig. 2. Pathways of adenosine formation from cytosolic ATP. Abbreviations
used: HCY, homocysteine; MET, methionine; SAH, S-adenosylhomocysteine;
SAM, S-adenosylmethionine; HCY methyltransferase, Vitamin B12-dependent
methyltetrahydrofolate-homocysteine methyltransferase.

dynamic equilibrium between the cytosolic concentrations of ATP,
ADP, and AMP (Newsholme and Start, 1973). Since the ATP con-
centration in resting cells may be up to 1000x the AMP concentra-
tion, a very small percentage fall in ATP concentration can give rise
to a large-fold increase in cytoplasmic AMP concentration (News-
holme and Start, 1973; Nishiki etal., 1978; Bunger and Soboll, 1986).
Thus, the myokinase equilibrium provides an exquisite sensor of the
balance between the rates of formation and hydrolysis of ATP
(Lowenstein et al., 1983). Of the two products of ATP, ADP appears
to control the rate of oxidative phosphorylation and AMP the rate of
glycolysis (Lowenstein et al., 1983). It has been tempting, therefore,
to suggest that hydrolysis of AMP to adenosine by a suitable 5'-
nucleotidase provides the link between net ATP breakdown and
adenosine release (Rubio et al., 1974; Lowenstein et al., 1983;
Newby, 1984).

Early hypotheses concerning the mechanism of adenosine for-
mation assumed that the plasma membrane 5'-nucleotidase was re-
sponsible for hydrolysis cytosolic AMP (Arch and Newsholme, 1978;
Beme, 1980). The discovery that the enzyme is an ecto-enzyme (see
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above) forced a reappraisal of its role. Experiments by Frick and
Lowenstein (1978) and Dornand et al. (1979) showed that radio-
labeled AMP could be incorporated into cellular nucleotides more
rapidly than adenosine. This suggested that 5'-nucleotidase might
function as a “transmembrane hydrolase” taking AMP from the exter-
nal membrane face and producing adenosine at the cytoplasmic side.
The enzyme might then operate, physiologically, in the opposite
direction. This attractive hypothesis appears, however, to be incor-
rect. First, incorporation of AMP into cellular nucleotides requires
both 5'-nucleotidase and a separate adenosine transport protein
(Fleit et al., 1975; Sasaki et al., 1983). Secondly, ATP and ADP are
potent competitive inhibitors (Burger and Lowenstein, 1970; Pear-
son, 1985), suggesting that the enzyme would be virtually inactive if
present at the cytoplasmic side of the membrane. Thirdly, inhibition
of the enzyme fails to block adenosine or inosine formation from
intact cells under conditions where the cytoplasmic concentrations
of AMP and IMP are greatly elevated (Newby, 1980; Newby and
Holmaquist, 1981; Belloni et al., 1985; Meghji et al., 1985). Fourthly,
if cells in which the ecto-enzyme is inhibited with antiserum at 4°C
(to prevent endocytosis of antibody) are homogenized gently, no
new activity is revealed (Stanley et al., 1980). Activity does in-
crease, however, if such homogenates are treated with detergent to
expose activity on the extracytoplasmic face of endocytic vesicles
(Luzio et al., 1986). Lastly, the ecto-5-nucleotidase appears to have
a very small cytoplasmic domain (Baron et al., 1986).

A soluble 5'-nucleotidase is widely distributed in rat tissues
(Newby et al., 1987) and in the hearts of mammals (Table 1). It has
been purified to homogeneity from the livers and hearts of species as
diverse as chickens and rats (Naito and Tsushima, 1976; Itoh, 1981a;
Itoh and Oka, 1985; Itoh et al., 1986). The purified enzyme is an
allosteric protein (Itoh, 1982) with four subunits. The preferred
substrate of the enzyme is IMP (K_ = 0.2 mM). The K_ for AMP
depends on the presence of activators and inhibitors, but minimum
values fall in the range of 2.6-10 mM (Worku and Newby, 1983;
Itoh, 1981a,b; Van den Berghe et al., 1977; Itoh et al., 1986). ATP
activates the enzyme’s activity towards AMP with a K_of approxi-
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mately 0.3 mM and a Hill coefficient close to 4. Inorganic phosphate
inhibits the enzyme with a K, of approximately 6 mM and a Hill
coefficient close to 1.

Both the soluble and plasma membrane 5'-nucleotidases con-
tain active site histidine (Worku et al., 1984), but they are otherwise
different. The enzymes may be distinguished pharmacologically,
since competitive inhibitors and antisera that block the ecto-enzyme
activity have no effect on the cytosolic 5'-nucleotidase (Newby,
1980; Worku and Newby, 1983). Likewise, product nucleosides that
are noncompetitive inhibitors of the soluble 5'-nucleotidase are only
weak competitive inhibitors of the ecto-enzyme (Newby et al., 1975;
Worku and Newby, 1982).

There is agreement that the cytosolic 5'-nucleotidase, by hydro-
lyzing IMP, controls the total purine nucleotide concentration of cells
(Van den Berghe et al., 1977). The high K_ for AMP of the enzyme
casts doubt, however, on its physiological role in adenosine forma-
tion (Van den Berghe et al., 1977; Itoh, 1981a). Its allosteric proper-
ties, on the other hand, suggest that the enzyme may be active towards
AMP only during the early phases of nucleotide catabolism (Itoh,
1981b). This would allow the enzyme to fulfill a signal-generating
capacity without further depleting an already-compromised nucleo-
tide pool. Studies of intact polymorphonuclear leucocytes poisoned
with 2-deoxyglucose (Worku and Newby, 1983) did, indeed, dem-
onstrate an initial activation and subsequent inhibition of adenosine
formation during ATP breakdown. Parallel studies were conducted
with the purified soluble 5'-nucleotidase from rat liver using con-
centrations of ATP, ADP, AMP, IMP, and P, which mimicked those
in the intact cell experiments. Both the maximum rate of adenosine
formation and its biphasic nature could be accounted for by the puri-
fied enzyme (Worku and Newby, 1983). Similar studies using rat
erythrocytes which contain an unusually low activity of soluble 5'-
nucleotidase demonstrate a correspondingly low rate of adenosine
production (Newby et al., 1987). This remains the only experimen-
tal evidence that the soluble 5'-nucleotidase is responsible for adeno-
sine formation. A potent selective inhibitor of the enzyme would be
invaluable to probe further its role.
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Ischemia induces a very high rate of adenosine formation in the
heart (Deuticke and Gerlach, 1966; Newby et al., 1987). These rates
appear too great to be accounted for by the known kinetic properties
of the purified soluble 5'-nucleotidase (Newby et al., 1987). There is
a suggestion, however, that the enzyme may become modified during
purification (Lowenstein et al., 1986). The 5'-nucleotidase activities
were, therefore, reinvestigated in unpurified extracts of the pigeon
ventricle, a tissue that lacks ecto-5'-nucleotidase (Meghji et al.,
1988). The assay system contained concentrations of ATP, ADP,
and AMP chosen to be in equilibrium with adenylate kinase. The
pigeon ventricle extract catalyzed AMP hydrolysis sufficiently rap-
idly to explain ischemia-induced adenosine formation (Meghji et al.,
1988). Further characterization is now needed of the enzyme or
enzymes responsible.

Isolated mitochondria have been reported to generate adenosine
(Bukoski et al., 1983; Asimakis et al., 1985; Bukoski et al., 1986), and
this observation might explain the proposed correlation between the
capacity of tissues for oxidative metabolism and for adenosine for-
mation (see above). Mitochondria appear, however, to serve solely
as a source of AMP; a separate 5'-nucleotidase enzyme is still needed
to catalyze adenosine formation (Asimakis et al., 1985; Bukoski et
al., 1986).

3.2.2. Adenosine Formation from Hydrolysis
of Adenosine 3.5°-Phosphate (Cyclic AMP)

It is possible that cyclic AMP may act as a source of adenosine
either intracellularly following its metabolism to 5'AMP, or extra-
cellularly after being lost from the cytosol (Cramer, 1977; Doore et
al., 1975; Pull and Mcllwain, 1977). This hypothesis has received
little direct examination, however, although phosphodiesterase in-
hibitors produce small reduction of adenosine release from neuronal
tissue consistent with an origin as cyclic AMP (Stone et al., 1981). It
has been noted elsewhere (Stone, 1981c¢) that this idea would also be
consistent with the observed peaking of adenosine concentration in
stimulated neural tissue later than the concentration of cyclic AMP.

3.2.3. Adenosine Formation from the Transmethylation Pathway
In neuronal tissue, S-adenosylmethionine-dependent methyl-
transferases are involved in the biosynthesis and/or degradation of the
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biogenic amines—dopamine, epinephrine, norepinephrine, hista-
mine, and 5-hydroxytryptamine (Borchardt, 1980), the synthesis of
choline (Blusztajn et al., 1982), methylation of membrane phos-
pholipids (Hirata and Axelrod, 1980), and protein carboxymethyl-
ation (see Paik and Kim, 1980). Transmethylation, which describes
the transfer of the methyl group from S-adenosylmethionine (SAM)
to a variety of methyl acceptors (as mentioned above), forms S-
adenosylhomocysteine (SAH) as a product of the reaction. SAH, if
allowed to accumulate, inhibits transmethylation (see Usdin et al.,
1979), but normally is metabolized further by SAH-hydrolase, which
catalyzes its reversible hydrolysis to adenosine and homocysteine
(see Fig. 2). The hydrolysis of SAH is the only known metabolic
pathway for the formation of homocysteine (Ueland, 1982). In addi-
tion, this reaction forms adenosine.

Direct experimental evidence for continuous turnover of SAM
in mammalian brain was provided by the work of Spector et al.
(1980), who demonstrated that 35S-labeled methionine, injected iv
into rats or intraventricularly into rabbits, is recycled via homo-
cysteine (Fig. 2). Furthermore, the observation that inclusion of L-
homocysteine thiolactone and *C-adenosine with incubated rat hip-
pocampal slices leads to SAH formation (Reddington and Pusch,
1983) demonstrated that SAH-hydrolase is active in this preparation.
L-homocysteine thiolactone also decreased the evoked release of
adenosine from guinea pig cortical slices via formation of SAH
(MclIlwain, 1985; Mcllwain and Poll, 1986). Incubation of hip-
pocampal brain slices with “C-adenosine in the absence of homocys-
teine was found, however, not to result in significant labeling of
SAH, which led Reddington and Pusch (1983) to conclude that accu-
mulation of SAH is unlikely to be important in mediating any bio-
logical effects of adenosine in the CNS. The possibility that SAH may
be important as a metabolic source of adenosine has not been studied
in the brain.

The production of adenosine has generally been assumed to be
principally from adenine nucleotides via the dephosphorylation of
5'-AMP (seeabove). Recently, however, the contribution of the trans-
methylation pathway to adenosine formation in the isolated, per-
fused, and nonworking guinea pig heart has been investigated (Lloyd
and Schrader, 1986). The cellular transmethylation rate was esti-
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mated, in this preparation, by measuring the rate of dilution of a
prelabeled SAH pool. This occurred as a result of SAH synthesis
from unlabeled SAM. During steady-state conditions, the rate of
SAH synthesis from SAM is equivalent to the transmethylation rate,
which in turn reflects the net adenosine production rate from this
pathway. In a separate series of experiments, the total rate of adeno-
sine production in the isolated guinea pig heart was estimated by
measuring adenosine release rate in the presence of adenosine deami-
nase and adenosine kinase inhibitors. From a comparison of trans-
methylation rate with total adenosine production rate, it was calcu-
lated that hydrolysis of SAH contributed more than 90% of the total
amount of adenosine formed by the heart during normoxic perfusion
(95% 0,). During hypoxic perfusion (30% 0,), this fell to less than
20%, the primary source of adenosine presumably then being 5'-
AMP. Although the transmethylation pathway has not yet been
quantified in neuronal tissues, it is possible that, as in the heart, it pro-
duced a significant and continuous supply of adenosine.

4. Conclusions and Implications
for the Physiological Role of Adenosine

Release of adenine nucleotides has been demonstrated from
neurons and blood platelets that contain vesicle-bound nucleotides
and in small quantities from nonneuronal sources. Released nucleo-
tides are broken down to adenosine by ecto-nucleotidases. The
contribution of released nucleotides to production of adenosine may,
except in particular locations, be small in comparison to release from
cytoplasmic sources. Cytoplasmic production of adenosine has been
demonstrated in polymorphonuclear leucocytes, heart, liver and
brain. It is not catalyzed by the ecto-5'-nucleotidase. A soluble 5'-
nucleotidase acting in concert with adenylate kinase may produce
adenosine in response to an imbalance between ATP generation and
utilization. Adenosine formation from cyclic AMP may occur, addi-
tionally, during activation of adenylate cyclase. Adenosine forma-
tion from the transmethylation pathway may make a substantial
contribution especially to the basal rate of adenosine formation and
particularly in tissues with high activities of methyl transferases.
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In no case is the release of adenosine compatible with a con-
ventional neurotransmitter function, as suggested by Sattin and Rall
(1970). Adenosine is poorly released by potassium from prepara-
tions in comparison with transmitters, and more effectively released
by ouabain and veratridine. Indeed, potassium (depolarization) in-
duced release is often not dependent on calcium ions, and a simul-
taneous influx of sodium and calcium has been proposed as the rele-
vant stimulus (Hollins and Stone, 1980). The differences in time
course of release also represent an important distinction from
neurotransmitters. The mechanism of adenosine production is also
unlike that of any hormone (Newby, 1984), despite similarities be-
tween adenosine and hormones in their mechanism of action.

The difference in possible functional significance between
adenosine produced from extracellular and from cytoplasmic nucleo-
tidesisillustrated in Fig. 3. In the left-hand panel, a stimulus provokes
ATP release with or without a hormone or cotransmitter. ATP may
exert a direct effect through purinoceptors, but is then degraded to
adenosine by ecto-enzymes. Adenosine then acts on distinct purine
receptors to bring about feedback or feedforward inhibition. Release
of adenosine is a direct consequence of stimulation, and is similar
therefore to that of a hormone or neurotransmitter. Its formation may,
however, be delayed or occur at a remote site. Variations in its con-
centration might be damped, giving rise to the possibility of hyster-
esis. Adenosine may, therefore, be regarded as a modulator rather
than a hormone or neurotransmitter.

The production of adenosine from cytosolic ATP is illustrated in
the right-hand panel of Fig. 3. In this case, the response elicited by
stimulation may be mechanical, electrical, or metabolic as well as
secretion. There need be no fixed relationship between the magnitude
of the stimulus and the rate of adenosine formation as well as demon-
strated in the studies of Fredholm and Sollevi (1981) and Bardenheuer
and Schrader (1986). This is because the production of adenosine
depends also on the supply of oxygen and of exogenous and en-
dogenous substrates, as well as on the energy-demands from simulta-
neously applied stimuli. Adenosine is not, therefore, a response to
stimulation, but an autonomous stimulus generated by the target cell
as a consequence of the intrinsic balance of energy supply and de-
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Fig. 3. Possible physiological roles of adenosine.

mand. The original stimulus thus provokes a new and opposing
stimulus (adenosine), giving rise to the description “retaliatory”
metabolite for adenosine (Newby, 1984).

The diverse aspects of adenosine’s properties allow it to be
viewed in many different ways, and to be classified variously as
hormone, neuromodulator, protective, or retaliatory metabolite
(Stone, 1981c; Newby, 1984; Snyder, 1985). The overall concept
must be that of an ubiquitous, arguably primitive molecule impor-
tantly involved in homeostasis and the control of tissue function and
integration. It is a compound for which further consideration of the
sites and circumstances of its production and release must be under-
taken, in parallel with an appreciation of its actions and receptors, if
a complete understanding of its biological role is to be achieved.
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