Handbook of
Experimental Pharmacology

Volume 151/11

Editorial Board

G.V.R. Born, London

D. Ganten, Berlin

H. Herken, Berlin

K. Starke, Freiburg i. Br.
P. Taylor, La Jolla, CA



Springer

Berlin
Heidelberg
New York
Barcelona
Hong Kong
London
Milan
Paris
Singapore
Tokyo



Purinergic and
Pyrimidinergic Signalling 11

Cardiovascular, Respiratory, Immune,
Metabolic and Gastrointestinal
Tract Function

Contributors

I. Biaggioni, R.M. Broad, G. Burnstock, J. Chapal,

B.N. Cronstein, F. Di Virgilio, G.R. Dubyak, I. Feoktistov,
D. Ferrari, J. Ferrier, D. Hillaire-Buys, S.M.O. Hourani,

E K. Jackson, J. Linden, M.M. Loubatieres-Mariani,

M.C. Montesinos, A. Pelleg, P. Petit, V. Ralevic, G. Vassort,
V. Vishwanath, C.D. Wegner, M. Williams

Editors
M.P. Abbracchio and M. Williams

Springer




Professor

MaRiA P1a ABBRACCHIO

Institute of Pharmacological Sciences
University of Milan

Via Balzaretti, 9

20133 Milan

ITALY

e-mail: mariapia.abbracchio@unimi.it

Dr. MiCHAEL WILLIAMS

Department of Molecular Pharmacology and Biological Chemistry
Northwestern University Medical School

Searle 8-477 (S-215)

303 East Chicago Avenue

Chicago, IL 60611

e-mail: ruerivoli@aol.com

With 59 Figures and 7 Tables

ISBN 3-540-67848-4 Springer-Verlag Berlin Heidelberg New York

Library of Congress Cataloging-in-Publication Data applied for

Purinergic and pyrimidinergic signalling /

contributors M.P. Abbracchio . . . Ed.: M.P. Abbracchio and M. Williams. -

Berlin ; Heidelberg ; New York ; Barcelona ; Hong Kong ; London ; Milan ; Paris ; Singapore ;
Tokyo : Springer (Handbook of experimental pharmacology ;vol. 151)

2. Cardiovascular, respiratory, immune, metabolic and gastrointestinal tract function. — 2001
ISBN 3-540-67848-4

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned,
specifically the rights of translation, reprinting, re-use of illustrations, recitation, broadcasting, reproduction on
microfilms or in any other way, and storage in data banks. Duplication of this publication or parts thereof is
permitted only under the provisions of the German Copyright Law of September 9, 1965, in its current version,
and permission for use must always be obtained from Springer-Verlag. Violations are liable for Prosecution
under the German Copyright Law.

Springer-Verlag Berlin Heidelberg New York
a member of BertelsmannSpringer Science+Business Media GmbH

© Springer-Verlag Berlin Heidelberg 2001

The use of general descriptive names, registered names, etc. in this publication does not imply, even in the
absence of a specific statement, that such names are exempt from the relevant protective laws and regulations
and free for general use.

Product liability: The publishers cannot guarantee the accuracy of any information about dosage and applica-
tion contained in this book. In every individual case the user must check such information by consulting the
relevant literature.

Cover design: design & production GmbH, Heidelberg
Typesetting: Best-set Typesetter Ltd., Hong Kong

SPIN: 10776823 27/3020xv — 54 321 0 - printed on acid-free paper



Preface

The field of purinergic receptor research has gradually emerged from that of
a controversial “left-field” intellectual curiosity of the 1970s to a mainstream
biomedical research activity for the twenty-first century that promises — with
the appropriate degree of rigor in the selection of disease targets in which
purines play a key role in affecting tissue pathophysiology — to deliver novel
medications within the next decade or two.

While many gifted individuals, both biologists and chemists, have con-
tributed to the body of knowledge related to purinergic receptor function gen-
erated over the past 30 years, the genesis of the field is irrevocably associated
with the vision, tenacity, passion, and proselytizing of Professor Geoffrey
Burnstock. In two seminal reviews, BUrRNsTOCK (1972) and BurnsTock (1978),
Geoff described the conceptual nucleus that provided the framework for the
creation of the present body of knowledge that is contained in this volume.
The spectacular advances in the molecular biology and functional pharma-
cology/physiology of P1 (adenosine) and P2 (ATP, ADP, UTP, UDP) recep-
tors over the past decade are a direct result of: (a) Geoff’s instance, in the face
of considerable and highly vocal skepticism, that ATP and adenosine were key
mediators of extracellular communication, acting via discrete cell surface
receptors; and (b) the many collaborators, now numbering more than eight
hundred (KinG and NortH 2000), who have worked with Geoff over the past
three decades.

The present two-volume Handbook of Experimental Pharmacology, on
Purine and Pyrimidinergic Signalling (HEP 151/1 and HEP 151/II), presents
a “state of the art” overview of the many aspects of P1 and P2 receptor
function. Volume I covers Molecular, Nervous and Urogenitary System Func-
tion and Vol.1I Cardiovascular, Respiratory, Immune, Metabolic and Gastroin-
testinal System Function.

Volume I starts with a brief historical overview of the field provided by
the volume editors, Maria P. ABBRaccHIO and MicHAEL WiLLiams (Chap.1).
Among other things, the events and discoveries that lead to adopting the cur-
rently used P1 and P2 receptor nomenclature are reviewed.
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Molecular Aspects of Purinergic Receptors

The task of reviewing P1 (adenosine) receptors, their structure and signal
transduction properties is covered by ANNA LORENZEN and ULRICH SCHWABE
in Chap.2. In Chap.3, IaN CHESSELL, ANTON D. MicHEL and PAr HUMPHREY
review the molecular properties of the ionotropic P2X receptor family and in
Chap. 4, MiKeE BoarDER and TanNia WEBB review the structure and function of
the P2Y G-protein coupled, metabotropic receptor family.

In the first of three chapters contributed to this monograph, GEOFF
Burnstock discusses developmental aspects of P2 receptor function in Chap. 5.

Medicinal Chemistry

In a key chapter that provides much of the structural information for other
chapters in both parts of the monograph, KEn JacoBson and Lars KNUTSEN
review progress in the characterization and optimization of P1 and P2 purine
and pyrimidine receptor ligands (Chap.6).

Purine Release

In Chap.7, BEata SpERLAGH and SYLVESTER Vizi discuss the various physio-
logical and pathophysiological stimuli involved in the release of purines into
the extracellular space, while the expanding knowledge of the diversity of the
ectonucleoside (E-NTPase) family of enzymes involved in the metabolism of
purines and pyrimidines is covered in detail by HErBERT ZIMMERMAN (Chap.
8), highlighting the crucial role of these enzymes in regulating the functional
effects of nucleotides and nucleosides.

Purines in the Nervous System

SusaN MasiNo and Tom DuNwiIDDIE review the role of P1 and P2 receptors
and their interactions in central nervous system function (Chap.9), while
CrHarLEs KENNEDY extends this topic to consider the role of purinergic recep-
tors in the peripheral nervous system (Chap.10).

In Chapter 11, Joe NEARY and Maria ABBRACCHIO discuss the involvement
of P1 and P2 receptor mechanisms in maintaining nervous system viability via
modulation of the production, release and effects of trophic factors (both
neurotrophins and pleiotrophins). Gary HousLey (Chap.12) reviews data on
the distribution and function of P1 and P2 receptors (the latter in the form of
unique splice variants) in auditory and ocular function, while MIKE SALTER and
ALF SoLLEvI discuss the role(s) of adenosine and ATP in nociception (Chap.
13), covering in detail recent advances on the role(s) of these purines in
modulating pain perception at the preclinical level and in the clinical setting.
In Chap.14, GEraLD ConNNoOLLY focuses on the emerging functional evidence
for distinct pyrimidine receptors sensitive to UTP and UDP, complimenting
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BoarDER and WEBB’Ss chapter on the molecular biology of P2Y receptors
(Chap.3).

In the final chapter in Vol.I of this monograph, GEoFr BURNSTOCK dis-
cusses the role of purines in urogenital function (Chap.15), building on the
“tube and sac” hypothesis (BurNsTock 1999). The latter focuses on increases
in organ lumen volume, e.g., gut and gall bladder distension as a trigger for
ATP release from endothelial sources which can then mediate peristalsis
(physiological stimulus) and pain (pathophysiological stimulus).

Cardiovascular Function

In the first chapter (Chap.16) of the second volume of this Handbook,
MicHAEL Broap and JoeL LINDEN provide an update on the well documented
role of adenosine in modulating cardiovascular system function, a data base
that has been instrumental in helping develop the purinergic nerve hypothe-
sis. EDWIN JacksoN (Chap.17) extends this update to a detailed overview of
the role of purines in renal system physiology and its contribution to cardio-
vascular function.

AMIR PELLEG and Guy Vassort (Chap. 18) review the role of ATP and P2
receptor activation in cardiovascular system function and VERA RALEVIC
(Chap.19) discusses the roles of purines and pyrimidines in endothelial
function.

SusanNA Hourant (Chap. 20) provides information on the role of purines
in the modulation of platelet function via ADP-sensitive receptor mechanisms,
a highly topical subject given (a) the advancement of novel ADP antagonists to
the clinic as improved antithrombotic agents and (b) the recent cloning of the
highly elusive P,;/P2Y rreceptor as the P2Y,; receptor (HoLLoPETER et al. 2000).

Gastrointestinal Tract Function

In his final contribution to this monograph, GEOFr BURNSTOCK provides a com-
prehensive discourse on the role of purines in gut function (Chap.21), high-
lighting potential opportunities for drug development.

Respiratory Tract Function

ItaLo BiaGgiont and Icor Feokristov (Chap.22) review the involvement of
adenosine mechanisms in pulmonary function with Craic WEGNER (Chap.23),
complimenting this chapter with an overview of the effects of ATP in re-
spiratory tract function.

Immune Function

CarMEN MonTesiNos and BRUCE CRONSTEIN discuss the role of P1 receptors
in inflammation and in the action of known antiinflammatory agents
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(Chap.24) and Georce DuBvak (Chap.25) discusses the dynamics of P2
receptors in immune system function. This is complimented by a chapter from
FRANCEScO D1 VIRGILIO, VENKATERAMAN VISHAWANATH and DAVIDE FERRARI
(Chap.26) on the emerging role of the cytolytic, pore forming P2X; receptor
in immune cell apoptotic and necrotic processes.

Metabolic Function

Pierre PETIT and his colleagues, D. HiLLaRe-Buys, M.M. LOUBATIERES-
Magriant and J. CHAPAL, discuss the role of purinergic receptors in the patho-
physiology of type 2 diabetes.(Chap.27), and Jack FErrIER (Chap.28) discusses
similar roles for P1 and P2 receptors in the regulation of bone formation and
function.

In the final chapter (Chap.29), MiCHAEL WILLIAMS provides an update on
advances in purinergic based therapeutics in a variety of disease areas and also
highlights the challenges in taking the vast body of basic research in the area
of purinergic receptor function into the clinic arena.

The Editors are indebted to all of the authors for their hard work and patience
in providing the excellent contributions in this monograph, most of which
arrived in the time frame requested, and would also like to thank our princi-
pal Editor, Doris Walker at Springer-Verlag in Heidelberg, not only for
her support and advice, but also for her gentle but constant prodding via
e-mail to get this volume completed, one of the last projects she worked on
before retiring. We would also like to thank Anja McKellar, who seamlessly
took over the production of this two-volume set from Doris and brought it to
fruition.

The editors are also deeply indebted to Angelo, Alessandro, Holly and
Heather for their patience and continuous support as their spouse/parent spent
additional evenings and weekends beyond the usual science-based activities
that do not fit into the regular workday, editing the contributions of the authors.

Finally, they would like to thank Geoff Burnstock for his friendship, counsel
and very active support in helping bring this project to completion. Without
Geoff’s vision, it is highly unlikely that the field would have reached a stage that
the Handbook of Experimental Pharmacology would need to devote more than
1000 pages to cover the topic of Purine and Pyrimidinergic Signalling.

Maria P. ABBrAaCCHIO and MICHAEL WILLIAMS
MiLaN and LAKE Forest, August 2000
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CHAPTER 16
P1 Receptors in the Cardiovascular System

R.M. Broap and JoEL LINDEN

A. Adenosine Receptor Subtypes in the
Cardiovascular System

The presence of adenosine receptors on cardiovascular tissues has previously
been established on the basis of functional responses to adenosine and adeno-
sine analogs. Specific functions attributed to each of the four adenosine recep-
tor subtypes (A;, Asa, Az, and A;) are discussed in detail below following a
summary of the direct evidence for adenosine receptors in cardiovascular
tissues based on the detection of receptor transcripts or protein.

I. Transcripts in Heart and Vascular Tissues

Using polymerase chain reaction (PCR), transcripts for all four receptor sub-
types have been detected in heart homogenates, with A; and A,, transcripts
being more prevalent than A, and A; (D1xoN et al. 1996; cf. MENG et al. 1994;
PETERFREUND et al. 1996; LINDEN and JacoBsoN 1998). When adenosine recep-
tors were first cloned in the early 1990s, the tissue distribution was surveyed
initially by Northern blotting. A, transcript was found in heart, but at sub-
stantially lower levels than in brain, spinal cord, testis, thyroid, and adipose
tissue (LIBERT et al. 1991; REPPERT et al. 1991). Rat myocardial A, mRNA levels
and receptor protein increase during development up to birth and then decline
with age (MATHERNE et al. 1996). A,, transcript was easily detected in North-
ern blots of heart (STEHLE et al. 1992), although it is not known how much of
this signal is due to non-myocardial cells. Transcript for A,z and A; receptors
cannot be detected in the adult rat heart by Northern blotting (MEYERHOF et
al. 1991; STEHLE et al. 1992). A; transcript has been identified in Northern blots
of rat aorta (ZHao et al. 1997) and low levels were detected in rat heart by
PCR (ZHnou et al. 1992).

II. Radioligand Binding Studies

Low levels of A; receptors have also been detected by radioligand binding to
heart membranes. Specific binding to GPCRs was initially detected on rat ven-
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tricle membranes with the agonist, ['*1]-ABA, at a density 40 times lower than
in rat brain (LINDEN et al. 1985). A somewhat higher density of ['*I]-ABA
binding sites was found in atria (30fmol/mg protein) than in ventricles
(23fmol/mg) (LINDEN et al. 1990). ['*I]-ABA also binds to A; receptors on
atrial myocardium from guinea pig, rat and rabbit (FRoLDI and BELARDINELLI
1990). Studies using the A;-selective antagonist, ["H]JCPX, in pig, rat, rabbit,
and guinea pig confirmed that there is a somewhat higher density of A, recep-
tors in atria, 76fmol/mg, than ventricles, 34 fmol/mg (MussEer et al. 1993).
Autoradiography using [’H]CPX demonstrated that the conductive cells of the
atrioventricular node are enriched in A, receptor binding sites relative to ven-
tricular myocardial cells in guinea pig hearts (PARKINSON and CLANACHAN
1991). Long-term treatment of rats with the A;-selective agonist, R-PIA, leads
to a decrease in [*I]-ABA binding in rat heart, indicative of receptor down-
regulation (LEE et al. 1993a). Conversely, feeding theophylline to guinea pigs
(Wu et al. 1989) or rats (LEE et al. 1993b) significantly increases the number
of A, receptor binding sites within two days. These data suggest that endoge-
nous levels of adenosine in the heart are sufficient to maintain the receptor in
a partially down-regulated state.

Radioligand binding studies have demonstrated the presence of A,
receptors on coronary arteries. A very low density (<10fmol/mg protein)
of high affinity binding sites for the agonist radioligand, ['*I]-APE, was
detected on porcine coronary artery membranes, and a much high density (ca.
900fmol/mg protein) of binding sites for the antagonist, ["H]SCH 58261,
(BELARDINELLI et al. 1996). Since agonists bind with high affinity only to G
protein coupled receptors, this discrepancy may be due in part to the fact that
A, 4 receptors in membrane homogenates appear to be poorly coupled to GTP
binding proteins (LUuTHIN et al. 1995).

B. Control of Adenosine Levels in the Heart

In this section the regulation, during normoxia and hypoxia, of the key
enzymes involved in adenosine metabolism is discussed. Extracellular levels
of adenosine can be increased by the dephosphorylation of extracellular AMP
through the action of ecto 5’-nucleotidase or by export of intracellular adeno-
sine via nucleoside transporters (ZIMMERMAN, Chap. 9, first volume). Intracel-
lular adenosine is also formed from the hydrolysis of S-adenosylhomocysteine
to adenosine and homocysteine or by AMP dephosphorylation through
cytosolic 5’-nucleotidase. Due to the activity of nucleoside transporters, raising
intracellular adenosine will lead to an increased efflux of the purine. Since the
nucleoside transporters that are most abundant in the heart are bidirectional,
they also participate in the uptake of adenosine. Once taken up into the cells,
adenosine can be rephosphorylated to AMP by adenosine kinase. When high
concentrations of adenosine accumulate, adenosine kinase becomes saturated
and most adenosine is converted to inosine by adenosine deaminase, which



P1 Receptors in the Cardiovascular System 5

has a higher capacity but lower affinity than adenosine kinase. Adenosine
deaminase is primarily an intracellular soluble enzyme, but also exists as a
membrane-associated ecto-enzyme.

I. Normoxia

Under normal circumstances, most of the adenosine formed intracellularly
is rephosphorylated to AMP by adenosine kinase. Adenosine formation is
30-fold greater than adenosine release (DECKING and SCHRADER 1998).
Infusion of the adenosine kinase inhibitors, 5’-iodotubercidin or 5’-amino-5’-
deoxyadenosine, into the coronary vasculature of a normally oxygenated
guinea pig heart causes a dose-dependent increase in adenosine release
(KroLL et al. 1993; LLoyp and ScHRADER 1993). In contrast, blockade of SAH
hydrolase with adenosine dialdehyde does not substantially alter adenosine
release, suggesting that the formation of adenosine from SAH hydrolysis
does not contribute significantly to the basal production of adenosine (KroLL
et al. 1993). Adenine nucleotide metabolism also appears to contribute to the
formation of adenosine in the extracellular space since inhibiting ecto 5'-
nucleotidase activity with AOPCP in isolated guinea pig hearts decreases
venous adenosine levels (HEADRICK et al. 1992). Adenosine deaminase also
contributes to the metabolism of adenosine since inhibition of adenosine
deaminase activity with EHNA increases interstitial adenosine (DECKING
et al. 1997)

Although interstitial adenosine usually is maintained at low concentra-
tions during normoxia, the concentrations may be high enough to exert a tonic
influence on adenosine receptors. Thus, the A;-selective antagonist, CPX, alone
gives rise to a significant increase in the heart rate of embryonic mouse hearts
(HorMAN et al. 1997), while the A,a-selective antagonist, SCH 58261,
alone increases systolic and diastolic blood pressure in freely moving rats
(MonoroL et al. 1998). Central A, and A, adenosine receptors and inhibitory
A, receptors on sympathetic nerve terminals (Smits et al. 1991; KarooN et al.
1995) may contribute to these responses.

II. Hypoxia

The release of adenosine, inosine, and hypoxanthine is dramatically elevated
under conditions of hypoxia (M1uUrAa et al. 1996), beginning as soon as 30s after
the initiation of ischemia (FELIX et al. 1997). Using microdialysis, interstitial
adenosine levels during 5 min of ischemia were increased threefold to between
2 umol and 7 ymol/l, depending on the species examined, and returned to base-
line levels after S5min of reperfusion (HarrisoN et al. 1998). Perfusion of
guinea pig hearts with a 30% O, solution caused a tenfold increase in adeno-
sine release above basal levels (ScHUTZ et al. 1981). DEUSSEN et al. (1988) mea-
sured the formation of SAH in the presence of excess /-homocysteine as an
index of interstitial adenosine concentration and showed that adenosine levels
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increase concomitantly with decreased coronary blood flow, being accompa-
nied by a decrease in myocardial ATP and an increase in ADP levels.
Similarly in guinea pig hearts, increased myocardial O, consumption (Bar-
DENHEUER and ScHRADER 1986) or decreased oxygenation of the perfusion
buffer (CLEMo and BELARDINELLI 1986) can be correlated with increased
adenosine release. DECKING et al. (1997) showed that adenosine release from
guinea pig hearts is enhanced with decreased oxygenation, and provided evi-
dence that the amount of adenosine formed exceeds the amount released, indi-
cating the presence of a strong salvaging process even during hypoxia.
Perfusion of hearts with [*H]adenosine leads to selective labeling of
endothelial adenosine stores, suggesting that the endothelium is a barrier to
adenosine movement across the vascular wall (NEEs et al. 1985). Therefore,
changes in the specific activity of released ["H]adenosine can be used as an
indicator of the relative contribution of endothelium to overall adenosine
release. Relative to basal conditions, hypoxia leads to a dramatic increase in
adenosine release, yet causes a significant decrease in the specific activity of
purine release from hearts in which endothelial cells were selectively pre-
loaded with [*H]adenosine (DEUSSEN et al. 1986). Hence, coronary endothe-
lial cells are not the sole source of the adenosine released during hypoxia.
Since isolated ventricular myocytes have been shown to release adenosine and
inosine during hypoxia (Kirakaze et al. 1996) and zero-glucose hypoxia
(SmoLENsKI et al. 1992), cardiomyocytes are also a likely source of the purine.
Although the hypoxia-mediated release of adenosine has been firmly estab-
lished, the exact mechanisms involved in this release remains unclear. Con-
flicting data implicate stimulation of cytosolic 5’-nucleotidase (DArvisH and
METTING 1993; PRZYKLENK et al. 1997), stimulation of ecto 5’-nucleotidase, and
inhibition of adenosine kinase (KroLL et al. 1993; DEckING et al. 1997).

C. Functional Cardiovascular Responses to Adenosine

Adenosine is known to evoke a variety of responses in the heart and vascu-
lar tissues. In this section the adenosine receptor subtypes that mediate the
individual cardiac and vascular responses are discussed.

I. Negative Dromotropic

Perfusion of guinea pig hearts with an N,-saturated solution causes release of
adenosine that is correlated positively with prolongation of the atria-to-His
(A-H) interval, a measurement of conduction velocity or dromotropy. This
effect is blocked by the adenosine receptor antagonist, 8-SPT, and by the addi-
tion of exogenous ADA, providing evidence that such changes in conduction
are mediated by adenosine receptors. The ECs, value for adenosine-mediated
negative dromotropy is 260nmol/l (CLEMo and BELARDINELLI 1986). A
reversible, negative dromotropic effect is observed with the A;-selective
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agonist, CVT-510 (S~owpy et al. 1999) and an irreversible effect is observed
with an irreversible A, agonist, m-DITC-ADAC (ZHANG et al. 1997). Adeno-
sine-mediated negative dromotropy is blocked by the A;-selective antagonist,
CPX (MEESTER et al. 1998), but not by the A,4-selective antagonist SCH 58261
(BELARDINELLI et al. 1998). In isolated rabbit AV nodal cells, adenosine has
been shown to cause a decrease in action potential amplitude and duration
and to increase the refractory period in nodal cells, resulting in an increase in
rate-dependent activation failure and an increased threshold for action poten-
tial activation, likely via activation of IK, Ado, the inwardly-rectified current
mediated by the adenosine-activated K* channel (WANG et al. 1996a) This may
explain how adenosine maintains rhythmicity in the ventricles during periods
of atrial arrhythmia.

II. Negative Chronotropic

The ability of adenosine to reduce heart rate was among its first recognized
effects (DrURY and SZenNT-Gyorayr 1929). These findings have been confirmed
by many investigators and the predominant receptor subtype responsible has
been identified as A;, with a characteristic potency order of CPA > NECA >
2-chloroadenosine (WEBB et al. 1990). CPA, but not CGS 21680 or A;-
selective concentrations of APNEA, were shown to reduce heart rate in anes-
thetized rats (HanNoN et al. 1995). A; receptors appear to contribute to a pre-
dominant A, receptor mediated chronotropic response to adenosine in fetal
mice (Horman et al. 1997). The bradycardiac actions of CHA given ICV to
rats are much more pronounced than those of APNEA (SteLLA et al. 1998).
CPX alone was shown to cause a 20% increase in heart rate in fetal mice
(HorMaN et al. 1997), suggesting that endogenous adenosine is sufficiently high
to activate A; receptors partially. Dose-response curves for adenosine and
NECA to cause bradycardia in guinea pig hearts are right-shifted by CPX,
resulting in a linear Schild plot with a slope near unity, suggesting that A, is
the only adenosine receptor subtype that mediates the chronotropic response
in this species (MEESTER et al. 1998). Further evidence for the role of A, recep-
tors in the bradycardic actions of adenosine is provided by an observed
significant decrease in the basal heart rate of mice with transgenically over-
expressed A, receptors relative to wild-type mice (GAUTHIER et al. 1998). The
negative chronotropic response to CPA is blocked by pertussis toxin, indicat-
ing that bradycardic responses mediated via the A; receptor is coupled
through Gi/Go proteins. Based on the effect of various ion channel modula-
tors on the A, response, it was proposed that A; receptor-mediated bradycar-
dia is the result of a combination of effects on I¢, I, I; (the pacemaker
current) and Iy, currents (HormaN et al. 1997). In the SA node, A, receptor-
mediated increases in IK,Ado are thought to be responsible for hyperpolar-
ization of membrane potential, which decreases pacemaker firing, leading
to negative chronotropy. In addition, adenosine reverses isoproterenol-
stimulated increases in I, and I; (BELARDINELLI et al. 1988).
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The effects of adenosine and ACh on heart rate have been investigated in
mice deficient in GIRK4, one of the subunits of IK ¢, required for its func-
tion (WickMAN et al. 1998). IKc, mediates about half of the chronotropic
effects of adenosine and vagal stimulation. Some of the residual direct effects
of adenosine and ACh may be mediated by direct inhibition of adenylate
cyclase activity in atria (LINDEN et al. 1990).

III. Inotropic

Adenosine receptor stimulation has been shown to have only a modest direct
effect (in the absence of catecholamines) on contractility in mammalian ven-
tricles. A substantial direct negative inotropic action is produced by A, adeno-
sine receptor activation in atria. Adenosine exerts a strong anti-adrenergic
effect on catecholamine-induced positive inotropy in both the atria and ven-
tricles (SHRyock and BELARDINELLI 1997). Accordingly, the following exami-
nation of adenosinergic effects on myocardial contractility has been divided
into direct and indirect components.

1. Direct Atrial

In the canine left atrium, a negative inotropic response to NECA is antago-
nized by 8-PT, CPX, and the A;-selective antagonist N-0861, indicating an
action at the A, subtype (MARTIN 1992). Although the agonist potency order
for negative inotropy in the right and left atria was reported to be atypical of
an A, response, it is blocked by CPX but not DMPX, suggesting an A,-
mediated effect (OcucHi et al. 1995). Similarly, the inotropic actions of NECA
in guinea pig are attenuated by the A;-selective antagonist, WRC-0571
(MarTIN et al. 1996). A CPA-mediated negative inotropic response in rats is
significantly enhanced by the A;-specific allosteric enhancer, PD 81,723
(Mupums et al. 1993). A series of alkylxanthines were shown to elicit a pos-
itive inotropic effect on the guinea pig left atrium in the absence of exogenous
agonist, providing evidence that basal levels of adenosine are sufficient to
exert an inhibitory tone on myocardial contractility (SANAE et al. 1995).
Adenosine was shown to reduce action potential duration in myocytes iso-
lated from atria but not ventricles (WANG et al. 1996a). This contributes to an
attenuation of twitch amplitude with an ECs, value for exogenous adenosine
in the region of 600nmol/l and a maximum response at approximately
10 umol/l (WANG and BELARDINELLI 1994). The ability to shorten atrial, but not
ventricular, action potential duration (APD) has also been investigated using
the A, -selective agonist, CVT-510 (Snvowpy et al. 1999). In the conscious pig
model, A, receptor activation causes a decrease in left atrial pressure and a
reduced rate of left ventricular contraction, +dP/dt (HuanG et al. 1999).
Adenosine activates an outward K* current in a dose-dependent manner
that is blocked by theophylline (KuracHiI et al. 1986). The ion current modu-



P1 Receptors in the Cardiovascular System 9

lated by the purine has been called IKs4, (WANG and BELARDINELLI 1994)
which probably is identical to IK ;. 4-Aminopyridine (4-AP), a blocker of K*
channels, causes a dose-dependent attenuation of the effects of NECA on
rabbit atrial contractility (McKINLEY et al. 1990).

2. Indirect Ventricular

Adenosine and ACh produce an “indirect” effect to counteract the positive
inotropic effects of catecholamines, which is more pronounced than their
“direct” effects produced in the absence of added catecholamines or adren-
ergic tone. This is particularly true in ventricular myocardium. Thus, stimula-
tion of f-adrenergic receptors on rat ventricular myocytes leads to an increase
in contractile strength and a decrease in the duration of contraction that is
attenuated by R-PIA. This response is blocked by co-administration of CPX,
providing evidence for actions at an A; receptor (BELLARDINELLI et al. 1989;
Dogson and FENTON 1998). In isolated rabbit cardiac myocytes, CCPA inhibits
isoproterenol-mediated contractions and this effect is reversed by CPX
(WANG et al. 1997). Furthermore, the overexpression of A; receptors in mouse
heart causes an attenuation of isopreterenol-stimulated increases in +dP/dt.
Although without effect on their own, adenosine and R-PIA were shown
to reduce the [Ca®']i transients induced by isopreterenol in ventricular
myocytes (TANG et al. 1998; Norron et al. 1999). Adenosine counteracts the
effects of B-adrenergic receptor activation in the heart, but it also acts to
inhibit norepinephrine release from sympathetic nerve terminals (MUNCH
et al. 1996).

The anti-adrenergic effects of adenosine are likely mediated in large
part by the inhibition of norepinephrine-stimulated adenylate cyclase activity.
In the heart, protein kinase A (PKA) phosphorylates Ca** channels and
increases their conductance (TRAUTWEIN and HESCHELER 1990). The anti-
adrenergic effects of adenosine on [Ca*]i transients are reversed by CPX, but
are also enhanced by the A,, antagonist, CSC, suggesting that A,, receptor
activation partially counteracts the effects of A; receptor activation. In addi-
tion, the A, agonist, DPMA, was shown to augment [Ca®']i current, an effect
that was blocked by the A,, antagonist, DMPX (TaNG et al. 1998). CSC
and ZM 241285 enhanced, while CGS 21680 attenuated, the anti-adrenergic
effects of adenosine on +dP/dt (Norton et al. 1999). CGS 21680 alone was
shown to enhance the strength of contraction in rat ventricular myocytes and
to prolong the duration of contraction (DoBson and FEnTon 1998). This effect
on action potential duration by CGS 21680 is opposite to the shortening effect
of isopreterenol, indicating that the effects of A, receptor activation are not
simply due to stimulation of norepinephrine release. Since isoproterenol
increases contractility by increasing intracellular cAMP through activation of
Gs, these data may also imply that the inotropic actions mediated by Aj4
receptors are caused in part by some action that is independent of changes in
cAMP.
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IV. Systemic Blood Pressure

Adenosine modulates systemic blood pressure through a variety of mecha-
nisms, including direct effects on peripheral blood vessels, indirect effects via
modulation of the specific centers in the CNS that control blood pressure, and
by altering the peripheral release of other vasoactive mediators such as renin.
It was initially thought that the A, subtypes were responsible for these effects,
although further investigation has provided evidence for actions mediated by
all four adenosine receptor subtypes.

Activation of A, A;,, and A; receptors was found to reduce systemic
blood pressure (HannNonN et al. 1995), while the A,z receptor is primarily
responsible for relaxing the aorta (MaRrTIN et al. 1993). The non-selective
agonist CV-1808 decreases peripheral vascular resistance in hind limb, kidney,
and mesenteric blood vessels of conscious rats, leading to increased blood flow
in these regions and a reduction in mean arterial blood pressure. The effect
on MABP is reduced by administration of 8-SPT (WEBB et al. 1990). Adeno-
sine evokes the formation and release of the vasodilator, nitric oxide (NO),
from vascular tissues (Li et al. 1995). In endothelial cells, NO synthase is
activated by calcium. It is notable in this regard that A,z adenosine receptors
were recently shown to be dually coupled to both Gs and Gq (LiNDEN
et al. 1999). Coupling via Gq may be responsible for activation of NO syn-
thase. In free moving rats, an Aj,-selective agonist, 2-HE-NECA, elicits a
hypotensive response that is blocked by the A,, antagonist SCH 58261.
The antagonist alone slightly elevates blood pressure and catecholamine
release, suggesting an inhibitory input by A,, receptors on sympathetic tone
(Monopoli et al. 1998). Intravenous (1V) injection of CGS 21680 leads to a
dose-dependent reduction in mean arterial pressure with an ECs, value of
11nmol/l (MarHoT et al. 1995). Microinjection of adenosine into the nucleus
tractus solitarii (NTS) and area postrema reduces systolic and diastolic
blood pressure. Reversal of this effect by 8-SPT confirms that it is adeno-
sine receptor-mediated (TSeEnG et al. 1988). Intracerebroventricular (ICV)
administration of the A,-selective agonist, CPA, causes a decrease in arterial
blood pressure in anesthetized rats. The effects of CPA are blocked by co-
administration of CPX. Employing A;- and Aj-selective agonists and compar-
ing the effects of IV vs ICV injections of these compounds indicates that
central A, receptors are responsible for control of systemic blood pressure
(STELLA et al. 1993). Adenosine receptor antagonists that easily cross the
blood-brain barrier are relatively more effective at attenuating the hypoten-
sive actions of NECA than is XAC, an antagonist that does not have ready
access to the CNS, supporting a central locus for some of the hypotensive
effects of adenosine (FREDHOLM et al. 1987). Caffeine and the polar antago-
nist 8-SPT that does not cross the blood brain barrier were comparable in their
ability to antagonize 2-CADO-mediated hypotension (Evoniuk et al. 1987),
implying that adenosine also acts to lower blood pressure at peripheral adeno-
sine receptors.
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Blood pressure can also be controlled by increases in plasma renin, which
acts to increase angiotensin IT (Jackson, Chap. 17, this volume). Caffeine and
DPSPX both attenuated adenosine-mediated hypotension and increased
baseline levels of plasma renin to a similar extent, indicating not only that
physiological concentrations of adenosine are sufficient to exert tonic
inhibitory control on renin release, but that this control occurs at peripheral
adenosine receptors (Torovic et al. 1991).

V. Coronary Vasodilation

The coronary vasculature is very sensitive to adenosine. The ECs, value for
adenosine-mediated coronary vasodilation was calculated to be 3 umol, with
a potency order of NECA > R-PIA > CHA, indicating an action at A, recep-
tors (KusacHr et al. 1983). The net ECs, value for coronary vasodilation was
subsequently divided into a high (10nmol/l}) and low affinity components
(10 umol/l), with only the high affinity effects being blocked by 8-PT (HARDEN
et al. 1996). This nanomolar affinity binding site provides for the possibility
that basal levels of adenosine, released even under normoxic conditions, can
influence coronary vascular tone. The potency order for coronary vasodilation
has been repeated using receptor subtype-selective agonists: CGS 21680 >
NECA > adenosine > CCPA. Coronary vascular responses to these com-
pounds are blocked by the A,a-selective antagonists, ZM 241385 and SCH
58261 (SHryock et al. 1998). A rightward shift in the dose-response curve of
CGS 21680-mediated vasodilation by SCH 58261 results in a linear Schild plot
with a slope of 1, implicating the A, receptor as the only subtype contribut-
ing to dilation in the coronaries. Increased coronary flow evoked by hyper-
capnic or metabolic acidosis is eliminated by SCH 58261 but not CPX (PHILLIS
et al. 1998), supporting a role for adenosine acting at A, receptors under
pathological conditions.

The early phase of hypoxia-induced coronary hyperemia is associated with
NO release and is blocked by NO-synthase inhibition whereas only the late
phase is associated with adenosine release and is blocked by BW-A1433. This
would imply a temporal dissociation of the NO and adenosine pathways in
contributing to hyperemia (Park et al. 1992).

Since Aj,-selective antagonists attenuate adenosine-mediated coronary
relaxation, it follows that the A,, receptor is primarily responsible for such
effects. Nevertheless, CPA has been noted to produce a dose-dependent relax-
ation of intact canine coronary arteries. The effects of CPA are unaltered by
ischemia and reperfusion, whereas the slope of the dose-response curve to
DPMA is significantly altered (Cox et al. 1994), suggesting that dilatations
mediated by CPA and DPMA occur through distinct mechanisms. Similarly,
relaxation of porcine coronary arteries can be elicited by both CGS 21680 and
CPA, but only the actions of the former are sensitive to blockade by NO-
synthase inhibitors. Only CGS 21680 elicits NO production in this tissue
(ABEBE et al. 1995).
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VI. Mast Cell Degranulation

Adenosine evokes the release of various mediators from tissue-resident mast
cells, which can alter various cardiovascular responses. Intravenous infusion of
CGS 21680 and APNEA caused hypotension in pithed rats with the actions
of APNEA being attenuated in a dose-dependent manner by the mast cell
stabilizing agents sodium cromoglycate or lodoxamide or by prior mast cell
depletion with compound 48/80. These data suggest that the hypotensive
actions of A; receptors occur indirectly via release of mast cell mediators such
as histamine which produces an endothelial dependent dilation of large blood
vessels (HANNON et al. 1995). In the microcirculation, histamine is a vasocon-
strictor. Thus, in the hamster cheek pouch, I-ABA induces an arteriolar vaso-
constriction that is attenuated only by high concentrations of BW-A1433,
implicating A; adenosine receptors. This effect is concomitant with mast cell
degranulation as measured by ruthenium red uptake (SHEPHERD et al. 1996).
The activation of A; adenosine receptors on rodent perivascular mast cells
provokes vasoconstriction that is mediated by histamine and thromboxane
(SuepHERD and During 1996). In rodents, inosine at concentrations above
1umol/l triggers mast cell degranulation via A; receptors (JiN et al. 1997).
Using receptor subtype-selective agonists, the potency order for enhancement
of antigen-stimulated serotonin release from rat mast cells was found to be
IB-MECA > CPA > CGS 21680, also implicating the A; receptor. Intradermal
injection of adenosine agonists into rodents causes plasma protein extravasa-
tion. This response is blocked by the antihistamine, cyproheptidine, or by mast
cell depletion using compound 48/80 (ReeVEs et al. 1997). In contrast to rodent
mast cells, f-hexosaminidase release from canine BR mast cells occurs with
the potency order NECA > R-PIA >> CGS 21680 = IB-MECA indicating that,
under these circumstances, degranulation of mast cells is mediated primarily
by actions at Ajp receptors. In this study, NECA, but not IB-MECA, also
increased intracellular levels of cAMP, IP;, and [Ca®]i (AUCHAMPACH et al.
1997).

In contrast to the effects of A; or A,p receptors in stimulating degranula-
tion of various mast cells, A, receptors have been shown in some instances
to inhibit stimulated mediator release (JiN et al. 1997). Thus, adenosine
inhibits antigen-induced tryptase release from human mast cells with an ECs,
value of approximately 1umol/l. The order of potency for inhibition is CGS
21680 > adenosine > CPA and the effects of adenosine are blocked by the Aja
antagonist, ZM 241385.

VII. Cardiovascular Apoptosis

Stimulation of adenosine receptors, especially the A, and A; subtypes, can be
both protective and detrimental to cell survival depending on the concentra-
tion of agonist used and the receptor subtype involved. In several tissues, A;
agonists are protective in the nanomolar range yet promote apoptotic cell
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death at concentrations of 10 umol/l or higher (JacoBson et al. 1998). Thus, a
12h exposure of rat microglial cells to micromolar levels of the A, agonist,
2-CADO caused DNA fragmentation, a measure of apoptosis (OGaTa and
ScHUBERT 1996), whereas a 16-h exposure of cultured human neutrophils to
adenosine agonists was protective in the nanomolar range with a potency
order of CGS 21680 > NECA > CPA > IB-MECA (WALKER et al. 1997). In the
latter study, CGS 21680 was shown to be protective through its ability to
double the half-life for the appearance of apoptosis. Micromolar concentra-
tions of IB-MECA and CI-IB-MECA have been shown to cause a reduction
in the number of human astrocytoma cells while nanomolar levels led to
a reduction in spontaneous apoptosis and modifications in the intracellular
distribution of an anti-apoptotic protein (ABBRACCHIO et al. 1998). The pro-
apoptotic effects of adenosine and 2-CADO are attenuated by nucleoside
transport inhibitors, suggesting that, in addition to actions at extracellular
receptors, a component of purine-mediated cell apoptosis is due to interac-
tions with an intracellular site (Dawicki et al. 1997; BARBIERI et al. 1998). It
was found that adenosine and IB-MECA caused chromatin condensation and
DNA fragmentation in rat cardiomyocytes. Dose-response analysis showed an
inverse relationship between the concentration of IB-MECA and nuclear size
or cell survival. Since these effects are not blocked by CPX or mimicked by
R-PIA, it would appear that apoptosis is mediated through A; receptors in
cardiomyocytes (SHNEYVAYs et al. 1998).

Anoxia or ischemia and subsequent reperfusion have been shown to cause
DNA fragmentation and the production of Fas, an apoptosis-specific protein,
in rat and rabbit cardiomyocytes, respectively (TaNAKA et al. 1994; GOTTLIEB
et al. 1994). Since adenosine and inosine concentrations can reach micromo-
lar levels in hypoxic cardiac tissue, it is possible that apoptosis may be medi-
ated by adenosine or inosine under these conditions, although the connection
between these events has not yet been established.

The proteolytic formation of a proapoptotic protein, caspase-3, and
receptor-induced apoptosis were recently shown to be inhibited by increased
intracellular levels of cAMP (Niwa et al. 1999). Since A,-like receptors are
generally thought to act through an enhancement of adenylate cyclase activ-
ity, it is possible that A, receptor-mediated protective effects ultimately act via
the caspase pathway.

VIII. Angiogenesis

The process of new blood vessel growth, or angiogenesis, is sometimes
modeled experimentally as the proliferation of cultured endothelial cells. Pro-
liferation of bovine microvascular endothelial cells can be accelerated by
adenosine, with these effects becoming apparent within the first 24 h of expo-
sure. Hypoxia is a powerful stimulus for neovascularization. The proliferative
effect of hypoxia on endothelial cells is blocked by 8-PT, implicating actions
at adenosine receptors. Endothelial cells also display a positive chemotaxis
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response along an adenosine concentration gradient, providing further evi-
dence for a role by adenosine in angiogenesis (MEININGER et al. 1988). In
human endothelial cells (HUVECs), adenosine also causes proliferation,
although this effect is not seen for at least 72h (ETHIER et al. 1993). The dose-
response curve for this effect is shallow, but occurs with an ECy, value in the
low-, or even sub-nanomolar range. Curiously, in light of apoptosis studies,
adenosine continues to stimulate cell proliferation well into the high micro-
molar range.

Another indicator of cell proliferation is an increase in transcription and
translation of VEGF, the vascular endothelial growth factor. Hypoxia has been
shown to evoke VEGF release from bovine retinal capillary endothelial cells,
an effect that is mimicked by CGS 21680, DPMA, and NECA, but not by CPA.
Furthermore, adenosine deaminase and CSC block hypoxia-induced VEGF,
mRNA, or protein production, whereas CPX does not, supporting a role for
the A, receptor as a mediator of this process (TAKAGI et al. 1996a). Transcript
and protein expression of KDR, a VEGF receptor, is diminished during
hypoxia, and the specific binding of VEGF to KDR is reduced. Since this effect
is mimicked by DPMA and blocked by CSC, it is also thought to be mediated
via A, receptors (TakAcr et al. 1996b).

IX. Cardioprotection

NEwBY (1984) referred to adenosine as a “retaliatory metabolite” since it acts
to maintain a metabolic balance in the ischemic heart by increasing oxygen
supply and reducing oxygen demand. Myocardial ischemia causes deleterious
effects including the induction of arrhythmias, depletion of ATP and other
high energy phosphates, a decrease in myocardial contractility, and irreversible
necrosis of cardiac muscle. Adenosine released during hypoxia or ischemia
protects the heart from injury. For example, in perfused rat hearts, prolonged
ischemia leads to depleted tissue [ATP], induction of contracture, and depres-
sion of left ventricular developed pressure (LVDP) during the reperfusion
phase. Adenosine treatment reduces the deleterious effects of ischemia on
LVDP, extends the time to onset of ischemic contracture, and maintains tissue
levels of ATP (ELy et al. 1985). The following sections will provide an overview
of the proposed mechanisms for adenosine-mediated protection of the heart
from ischemic damage, followed by a more detailed examination of the indi-
vidual processes that contribute to protection.

The myocardial damage and functional deficits brought about by an
extended period of ischemia in the heart can be reduced by one or more
shorter, non-deleterious periods of ischemia, a phenomenon called “ischemic
preconditioning” (MuRry et al. 1986). The protective actions of precondi-
tioning (PC) on relative infarct size in rabbit hearts could be blocked by the
adenosine receptor antagonists, 8-SPT, PD 115199, CPX, and BW-A1433
(ArMsTRONG and GaNOTE 1995). Administration of exogenous adenosine or
R-PIA prior to ischemia mimics the actions of PC, implicating adenosine and



P1 Receptors in the Cardiovascular System 15

adenosine receptors as mediators of ischemic PC (Liu et al. 1991). Moreover,
if 8-SPT is given between the preconditioning ischemic episode and the pro-
longed ischemic period, the ability of PC to reduce relative infarct area is elim-
inated, indicating that the adenosine-mediated component of PC persists into
the longer ischemic period (Mrura and TsucHIDA 1999). As with ischemic pre-
conditioning, several shorter “pulses” of adenosine are more protective against
ischemic damage than is a single, extended exposure to the purine. The bene-
ficial effects of a 5-min period of adenosinergic preconditioning was shown to
last up to 30 min in the isolated rabbit heart (ARMSTRONG et al. 1997). A second
or late phase of protection against myocardial stunning and infarction occurs
after 24 h. In the rabbit, the second phase appears to result from activation of
NFxB in response to NO, reactive oxygen species, PKC, and tyrosine kinase,
and is blocked by diethyldithiocarbamate, an inhibitor of NFxkB (XuaN et al.
1999).

Preconditioning is evoked by interactions with a variety of receptors
including A, adenosine, and in some cases, A; adenosine, o1 adrenergic, B,
bradykinin, M, muscarinic, AT, angiotensin, and ET; endothelin receptors
(WANG et al. 1996b). The common denominator of these is activation of protein
kinase C (PKC). Adenosine activates PKC activity during ischemia and
this activation is blocked by calphostin C (ARMSTRONG and GANOTE 1995;
IxonomiDIs et al. 1997). The concentration of adenosine released during
ischemic preconditioning is sufficient to increase PKC activity in human
myocytes (Ikonomipis et al. 1997). Furthermore, the phorbol ester, PMA,
mimics preconditioning. The actions of PMA are not affected by 8-SPT, pro-
viding evidence that adenosine receptor interactions occur prior to PKC acti-
vation (LianG 1997). In support of this, it was shown that the reduction in
infarct size afforded by PMA in the ischemic rabbit heart is not altered by
adding 8-SPT, whereas the protective effects of R-PIA are blocked by chel-
erythrine (ILloprOMITIS et al. 1998). In rat and human ventricular strips, adeno-
sine increases myocyte viability at the end of ischemia and during reperfusion
in a manner that is sensitive to both 8-SPT and chelerythrine (CLEVELAND et
al. 1996). Preconditioning-mediated inhibition of LDH release during
ischemia is concomitant with a translocation of PKC and PKC from the cytosol
to the plasma membrane (Miyawaki and AsHRAF 1997). The 8-SPT- and chel-
erythrine-sensitive preconditioning effects derived from several short ischemic
episodes in the anesthetized rabbit are associated with the translocation of
PKC from the cytosol to the plasma membrane (Mmura et al. 1998). It is
notable that A, receptor activation, which occurs via a Gi/o G protein acts syn-
ergistically with Gq-coupled receptors to activate PLC (LinpeN 1991). This
suggests that A, receptor activation may precondition the heart synergistically
with receptors that signal via Gq, e.g., al-adrenergic receptors.

In contrast to the above contention that adenosine receptor interactions
temporally precede stimulation of membrane-associated PKC activity is the
finding that adenosine released from endothelium during ischemia is mostly
blocked by calphostin C but not by 8-SPT (Znou et al. 1996). This suggests
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that some adenosine release occurs subsequent to PKC activation. Similarly,
in isolated rat cardiomyocytes, the ability of PMA to reduce LDH release
during late ischemia is blocked by 8-SPT and the ecto 5-nucleotidase
inhibitor, AOPCP (Kirakaze et al. 1996). These data do not preclude the pos-
sibility that adenosine receptor activation stimulates PKC activity during
preconditioning, but it does support the contention that PKC activation
during PC leads to adenosine release, or adenosine formation from adenine
nucleotides, and subsequent adenosine receptor stimulation. Such findings
could be suggestive of a reverberating pathway between adenosine formation
and PKC activation, possibly contributing to the temporal persistence of
preconditioning.

It is generally accepted that the downstream effector of PKC during
preconditioning is the inwardly rectified, ATP-sensitive K* channel. Karp
channels are heteromultimers with a 4:4 stoichiometry of an inwardly
rectifying K* channel (Kjg) subunit plus a sulfonylurea receptor (SUR)
(DorscHNER et al. 1999). SUR2A/KIR6.2 and SUR2B/(KIR6.1 or 6.2) consti-
tute the cardiac and vascular smooth muscle type Karp channels, respectively.
The sulfonylurea, glibenclamide, can abolish preconditioning and prevent the
increase of ischemic threshold observed during the second of two sequential
exercise tests (Tomal et al. 1999). Glibenclamide has also been shown to
prevent adenosine induced preconditioning in all species tested, including
human right trabeculae (CLEVELAND et al. 1997). K srp channels were first iden-
tified on the sarcolemma. A distinct channel also has been detected on the
inner membranes of mitochondria (Hu et al. 1999), although the molecular
identity of the mitochondrial K channel is yet to be elucidated. Activation
of the mitochondrial channel triggers flavoprotein oxidation. Cell surface
K.rp channels are activated by pinacidil but only weakly by 100mol/l dia-
zoxide, and these channels are blocked by 10umol/l glibenclamide but are
insensitive to 500 umol/l 5-hydroxydecanoate (5-HD). Mitochondrial Kare
channels are activated by pinacidil and diazoxide and are blocked by 5-HD
(Hu et al. 1999; Liu et al. 1998; Sato et al. 1998). Glibenclamide and 5-HD
reduce the protection of chick myocytes afforded by PMA during ischemia
(L1anG 1997) and decrease the protection from infarction afforded by the A;
agonist, CI-IB-MECA in rabbit hearts (TRacey et al. 1998). The effects of
glibenclamide on mitochondrial Karp channels are difficult to assess because
the sulfonylurea independently activates flavoprotein fluorescence, possibly by
directly uncoupling mitochondria (Hu et al. 1999). The Kgp channel purified
from inner mitochondrial membranes contains thio groups that may respond
to redox potential and free radicals, and is activated by low concentrations of
ADP, up to 200 umol/l (GriGorigv et al. 1999). It has been proposed that the
role of the mitochondrial K srp channel is to maintain mitochondrial volume,
which is coupled to metabolic control in the organelle (SZEwczyk and MARBAN
1999).

Diazoxide causes cardioprotection and reversible oxidation of flavopro-
teins with an ECs, value of 27 umol/l. Both redox changes and myocardial pro-
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tection are inhibited by 5-HD. It has been proposed that diazoxide acts via
PKC to activate mitochondrial Krp channels since the effect of diazoxide to
protect the rat heart from injury due to the Ca® paradox is completely abol-
ished by chelerythrine, a PKC inhibitor, and diazoxide causes translocation of
PKC to mitochondria (WANG and AsHrAF 1999). Diazoxide produces a dose-
dependent attenuation of the reduction in LVDP that is normally observed
during reperfusion, in addition to limiting ischemic contracture and preserv-
ing tissue viability in isolated rat heart (GARLID et al. 1997).

Vascular K channels may contribute to PC. Thus, PC, CHA, and the
Karp channel opener pinacidil all protect the coronary vasculature from the
deleterious effects of ischemia and reperfusion. Protection is reversed by
glibenclamide (Maczewskr and BEresEwicz 1998).

Adenosine has been shown to activate the sarcolemmal Kurp channel
(IK orp) in cardiac myocytes and to decrease the sensitivity of the channel to
ATP (Hu et al. 1999). It was originally thought that intracellular ATP could
not regulate K,rp channels since the ICsy of ATP for inhibition of IKarp 1s
in the low micromolar range whereas the concentration of ATP present
in most cells is >1 mmol/l. However, phosphatidylinositol phosphates can
decrease the sensitivity of the Karp channel for ATP. Thus, a 2-min exposure
of recombinant Krp channels to PIP, and PIP increases the 1Cs, of ATP by
approximately 1000-fold (BAukrowrTZ et al. 1998). PIP, PIP,, and PIP;, but not
IP;, can reduce the inhibitory effects of ATP on IKrp in ventricular myocytes
such that 1 mmol/l ATP does not exert a substantial inhibition of Krp channel
activity (SHYNG and NicuHoLs 1998).

1. Myocardial Survival and Function

The involvement of adenosine release in ischemic preconditioning was first
demonstrated for cardiomyocyte survival, where it was shown that PC reduces
infarct size (i.e., the area of infarct relative to the area at risk) and this pro-
tection is blocked by adenosine receptor antagonists. In addition, application
of adenosine or R-PIA prior to prolonged ischemia mimics the protection
afforded by PC (Liu et al. 1991). The protective actions of adenosine are
known to be dose-dependent, with an ECs, value of approximately 1 umol/l
(RIcE et al. 1996). If the supernatant from ischemic cultured human myocytes
is added to non-ischemic myocytes, it protects these cells from ischemic
damage, indicating that the preconditioning process occurs through the actions
of a released mediator. Blockade by 8-SPT provided evidence that the medi-
ator involved is adenosine (IxoNomiDIs et al. 1997). This contention is further
supported by evidence that, during ischemia, the nucleoside transport inhibitor
draflazine increases the concentration of adenosine and concomitantly
reduces the release of creatine kinase, an indicator of myocardial cell death
(SomMERscHILD et al. 1997). Similarly, dipyridamole enhances the ability
of exogenous adenosine to improve ischemia-induced myocyte survival
(AucHaMpPacH and Gross 1993).
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Protection of pig myocardial survival by ischemic preconditioning can be
mimicked by treatment with the A,-selective agonist, GR79236, and blocked
by the A,-selective antagonist, CPX (LoutTit et al. 1999). The A, receptor has
also been implicated as the locus mediating myocardial survival in the rabbit
(LasLEy et al. 1995; RicE et al. 1996; HiLL et al. 1998; ILIODROMITIS et al. 1998),
chick (STrickLER et al. 1996; LiaNnG and JacoBsoN 1998; LiaNG 1998;
DoUGHERTY et al. 1998), and human (IkoNowmiDIs et al. 1997). When the A,
agonist, R-PIA was chronically infused into rabbits, it caused a down-
regulation of A, receptor-mediated events, such as the bradycardic response
to A, agonists. In these desensitized animals, ischemic preconditioning failed
to protect the myocardium, even though adrenergic and muscarinic agonists
still conferred protection (HasuiMi et al. 1998). These data suggest that,
although stimulation of other receptors that activate PKC can mimic the pro-
tection afforded by preconditioning, the A, adenosine receptors is primarily
responsible for preconditioning due to ischemia in the rabbit. However,
although CPX completely blocked the inotropic aspects of CCPA in ischemic
rabbit cardiac myocytes, it had limited effects on the prevention of contrac-
ture by PC. A combination of CPX and BW-A1433 did eliminate PC-
mediated prevention of contracture (WANG et al. 1997). In contrast, the ability
of PC to improve the recovery of developed pressure in rat heart during reper-
fusion was blunted by both CPX or 8-SPT (WINTER et al. 1997).

Over-expression of the A; receptor in mouse hearts leads to an increase
in the time to ischemic contracture, and renders the hearts more resistant to
ischemia-induced increases in diastolic tension and decreases in LVDP and
+dP/dt (MATHERNE et al. 1997; GAUTHIER et al. 1998). Similarly, the A; agonist
CHA maintains EDP and LVDP during ischemia and reperfusion in rat and
rabbits (HEADRICK 1996), while R-PTA improves the recovery of LVDP from
ischemic insult.

Selective agonists of A; receptors have been noted to be protective in
some species. The A;-selective agonist IB-MECA was shown to be equipotent
with R-PIA for the prevention of ischemia-induced damage in the ischemic
rabbit heart. The protective effects of IB-MECA or CB-MECA were not
influenced by the same concentration of BW-A1433 that blocked the actions
of R-PTA (Tracey et al. 1997, 1998). One interesting possibility is that A;
receptors act in part by triggering the release of mediators from resident mast
cells in the heart with these mediators activating PLC-coupled receptors
that contribute to myocardial preconditioning. Mammalian hearts have been
shown to release large amounts of histamine in response to reperfusion fol-
lowing ischemia (LINDEN 1994) while treatment of perfused rat hearts
with lodoxamide eliminates ischemia/reperfusion-induced myocyte mortality
and preserves cardiac output (PARENTEAU and CLARK 1991), supporting this
possibility.

There appear to be A; and A; receptors functionally coupled to myocyte
protection on embryonic chicken ventricular myocytes. Thus, CCPA and
Cl-IB-MECA reduced the creatine kinase release and cell mortality that result
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from hypoxia in these cells. The protection afforded by CCPA or CI-IB-MECA
was selectively blocked by the A, antagonist 8-CPT or the A; selective antag-
onist MRS 1191, respectively (LiaNG and Jacosson 1998). In the embryonic
chicken, neither CPX nor MRS 1191 attenuated the protective effects of PC
as effectively as a combination of the two antagonists (LEE et al. 1998).
Inosine, at high concentrations (>1 gmol/l), is known to activate A; receptors
(JiN et al. 1997). As with adenosine, inosine is released in large amounts during
ischemia (Harrison et al. 1998), and may contribute to cardioprotection via
A; receptors.

In the chick ventricular myocyte model, blockade of A,, receptors with
CSC causes a slight increase in the protective actions of PC and R-PIA, while
CGS 21680 attenuates the ability of PC to reduce creatine kinase release and
cell death during ischemia and reperfusion (STRICKLER et al. 1996). These data
suggest that A, receptors are not responsible for PC in the heart. However,
A, receptors may protect tissues by a different mechanism. In bovine coro-
nary endothelial cells, R-PIA does not mimic the ability of PC to protect cul-
tured endothelial cells from ischemia/reperfusion injury, whereas CGS 21680
does, suggesting an action at A, receptors (Zrou et al. 1996). In the open
chest dog model, CGS 21680 administered for 60min, beginning in the last
5min of coronary occlusion, significantly reduced infarct size (ScHLACK et al.
1993). It is possible that these protective effects of A,, agonists are mediated
by inhibitory effects on neutrophils and other inflammatory cells that are acti-
vated by ischemia/reperfusion (BARNES et al. 1995; SuLLIvaAN and LINDEN
1998). It was also found that 2HE-NECA and CGS 21680 were more potent
than CCPA for the maintenance of EDP and recovery of LVDP during reper-
fusion (Lozza et al. 1997). CGS 21680, administered during the end of
ischemia and the beginning of reperfusion in anesthetized dogs, improves the
restoration of systolic wall thickening, an indicator of recovery from myocar-
dial stunning (ScHLACK et al. 1993).

During prolonged ischemia and reperfusion, a loss in contractile function
is associated with approximately a sixfold increase in myocardial hydrogen
peroxide (H,0,) formation in rat hearts (SLEzAK et al. 1995). Moreover, per-
fusion of isolated rat hearts with H,O, leads to a greater than 90% loss of con-
tractile function and an increase in resting tension. Peroxide-induced
contractile deficits are reduced by CPA, but not CGS 21680, with CPA-
mediated protection being reversed by addition of CPX providing evidence
that A, receptor interactions can also improve the contractile function of
ischemic hearts by reducing the deleterious effects of hydrogen peroxide
(KarmazyN and Cook 1992). It was subsequently shown that CPA, but not
CGS 21680 or IB-MECA, restore the imbalance in I, L. brought about by
H,O; in isolated cardiac myocytes (THOMAS et al. 1998), providing a potential
mechanism to explain these actions.
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2. ATP/Cellular Energetics

The concept of ischemic preconditioning, established by MUrry et al. (1986),
was supported by the demonstration that, although a 10-min period of
ischemia caused a decline in the tissue ATP content of canine hearts, there
were no further decreases in ATP levels over three subsequent periods of
ischemia (REIMER et al. 1986). These authors also showed that a 40-min period
of ischemia caused a much more dramatic depletion of ATP compared to four
10-min periods. Subsequent studies have shown, in several animal models,
that PC leads to a conservation of ATP (Mrvawaki and ASHRAF 1997), PCr
and GATP (Heaprick 1996; HarrisoN et al. 1998), and [ATP])/[ADP][Pi]
(Heabrick 1996). The protective effects of PC are blocked by 8-SPT.

Prior to the discovery that preconditioning protects cardiac ATP levels
during ischemia, it was shown that adenosine prevents ATP depletion from
cardiac tissue during an ischemic period of up to 12 min. It was also shown that
adenosine enhances ATP recovery following ischemia for up to 60min (Ery
et al. 1985), indicating that both ischemic preconditioning and adenosine
receptor activation can preserve ATP levels in the heart. Ischemic precondi-
tioning and R-PIA both mitigate a decrease in ATP and PCr, and attenuate
the rise in lactate levels that results from ischemia in canine myocardium
(P1sareNkoO et al. 1997). In chick myocytes, adenosine, CCPA, and IB-MECA
all preserve ATP levels during ischemia and reperfusion. ATP levels also are
maintained by endogenous levels of adenosine in ischemic chick myocytes
with overexpressed A; and A; receptors. Blockade of these receptors
with CPX or MRS 1191, respectively, eliminates these protective effects
(DouGHERTY et al. 1998). It was demonstrated that the ATP-preserving actions
of ischemic preconditioning in chick myocytes are attenuated by CPX or MRS
1191, with combined blockade by the two antagonists leading to a complete
elimination of the beneficial effects of PC. This suggests that the overall pre-
conditioning response may be the result of a contribution by both A, and A;
receptors (LEE et al. 1998).

3. Rhythmicity

Effects of PC on electrophysiological parameters provides evidence for pre-
conditioning in humans, although similar observations have been made in
other species. It was first demonstrated during percutaneous transluminal
coronary angioplasty (PTCA; also known as “balloon angioplasty”) that a
decrease in the ST segment of cardiac action potentials (ST shift) was associ-
ated with the ischemia produced during balloon inflation, but that this shift
was substantially diminished during a subsequent inflation (DEUTSCH et al.
1990; TaGGart et al. 1993). Theophylline has been shown to attenuate the
ability of preconditioning to reduce ST shift during the second balloon infla-
tion (HasHIMURA et al. 1997), while 8-SPT blocks preconditioning of ST shift
during the second and third inflations (CoHEN et al. 1997). Similar effects have
been demonstrated for the adenosine receptor antagonists aminophylline and
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bamophylline (CLAEYS et al. 1996; Tomar et al. 1996). Taken together, these
data provide strong evidence that the reduction in ST shift afforded by pre-
conditioning is mediated via an adenosine receptor. The receptor subtype
involved in man awaits further study.

Similar to its action on ST shift is the finding that ischemic precon-
ditioning protects against the incidence of ventricular tachycardia, ventricular
fibrillation, and premature ventricular complexes. This effect lasts for up to
30min of reperfusion, with the strongest protection occurring between 10 min
and 20min (Suixt and HEARSE 1987). In this study, the incidence of ventricu-
lar tachycardia and ventricular fibrillation during a second ischemic episode
was inversely related to the length of the first ischemic period for times
between 30s and Smin. The mixed A,/A, agonist AMP 579 can be used in
lieu of preconditioning to prevent ventricular fibrillation during ischemia
(Swmirs et al. 1998), suggesting that adenosine receptors are responsible for pre-
conditioning-mediated prevention of arrhythmias. Blockade of adenosine
receptors with theophylline, XAC, 8-SPT, or CSC, but not CPX, increased
the occurrence of ischemia-induced ventricular fibrillation, while inhibition
of adenosine deaminase activity with EHNA reduced it (ScHrEIECK and
RicHARDT 1999). These data suggest that not only are the levels of adenosine
released during ischemia sufficient to prevent the formation of arrhythmias
but also that these actions may be mediated by an A,, and not the A,, adeno-
sine receptor.

4. Coronary Flow

It is well known that adenosine is released from cardiac tissue in response to
a decrease in the O, supply/demand ratio and that a purine elicits a com-
pensatory dose-dependent increase in coronary flow (BARDENHEUER and
ScHRADER 1986). Similarly, it has been shown that increasing myocardial O,
consumption causes a decrease in coronary vascular resistance. This response
was attenuated by 8-SPT, indicating the involvement of endogenous adeno-
sine (DUNCKER et al. 1998). The dose-response curve for coronary vasodilation
by adenosine is very steep; raising adenosine levels by only 62% increases
coronary flow from 5% of maximum to 50% of maximum. The EC;, for coro-
nary vasodilation by endogenous interstitial adenosine was estimated to be in
the region of 150nmol/l, with this value increasing substantially in the added
presence of the antagonist, 8-PT (Stepp et al. 1996). In isolated guinea-pig
hearts, the dilatory effect of PC is blocked by the A;-selective antagonist, N-
0861 and mimicked by CHA and IB-MECA, implicating actions at A, and A;
receptors (GIANNELLA et al. 1997). Also, 8-SPT blocks, and CHA mimics, PC-
mediated maintenance of coronary flow during reperfusion of rat and rabbit
hearts (HEaDRICK 1996). Although it was mimicked by CHA, PC cannot be
blocked by either 8-SPT or CPX, indicating that PC-mediated preservation of
vasodilation during reperfusion may be distinct from interactions with adeno-
sine receptors in the endothelium. Furthermore, preconditioning is eliminated
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by glibenclamide and mimicked by pinacidil, suggesting the involvement of
Karp channels in this effect (Maczewskr and BERESEwICZ 1998).

X. Summary

Stimulation of adenosine receptors leads to a variety of responses in the car-
diovascular system. A, receptors are largely responsible for mediating ad-
enosine effects in the heart including negative inotropic, dromotropic, and
chromotropic responses. Myocardial preconditioning is mediated by A, recep-
tors with some direct or possibly indirect contribution by A; receptors (see
Fig. 1). Functional effects of myocardial A,, receptors are slight, but these may
act to counteract partially the effects of A, receptor activation. All adenosine

Fig.1. Mechanisms of cardioprotection by adenosine during ischemia: possible
pathways of early- and late-phase preconditioning mediated by adenosine or
hypoxia/ischemia. For details of individual pathways, see text
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receptors are involved in the drop in blood pressure produced by adenosine.
Activation of central A,, receptors decreases sympathetic tone. Coronary vas-
cular smooth muscle dilates in response to A, receptor activation and both
A, A and A,p receptors contribute to dilation of other vascular beds. NO pro-
duced in response to adenosine may be derived from activation of Gq-coupled
A, adenosine receptors on endothelial cells. Activation of A; receptors
inhibits the release of norepinephrine from sympathetic nerve terminals. A;
and/or A,p receptors are responsible for perivascular mast cell degranulation
which can produce microvascular vasoconstriction and dilation of large blood
vessels. Angiogenesis appears to involve A,, possibly A, receptors.
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CHAPTER 17

P1 and P2 Receptors in the Renal System

E K. JAcksoN

A. Introduction

Modulation of the function of excretory organs by purine receptors is an
ancient regulatory strategy adopted early in the course of vertebrate evolu-
tion. For instance, in the shark rectal gland, an excretory organ that evolved
more than 400 million years ago, primordial adenosine receptors strongly
influence the rate of sodium chloride transport and elimination (FORREST
1996). It is not surprising therefore that P1 and P2 receptors are important
regulators of renal function in mammals. The purpose of this chapter is to sum-
marize the available information regarding the physiology and pharmacology
of renal P1 and P2 receptors and to discuss where this field will likely yield
important advances in pharmacotherapeutics.

Because little to nothing is known regarding the role of A; receptors in
renal physiology, these P1 receptor subtypes are not discussed. On the other
hand, even though the renal P2 receptor field is relatively new and currently
available information is narrow in scope, important recent findings in this
regard enable a useful, if preliminary, analysis of the role of P2 receptors in
renal physiology. The available information regarding renal A; and A, recep-
tors is broad and deep, thus allowing a detailed discussion of receptor distri-
bution, signal transduction mechanisms, proximate physiological responses,
and opportunities for novel pharmacotherapeutic strategies based on inter-
ventions that affect A; and A, receptors.

B. Renal A, Receptors

I. Renal A, Receptor Distribution and
Signal Transduction Mechanisms

A, receptors exist on a number of important renal structures, both vascular
and tubular. Ligand binding experiments identify A; receptors in renal
microvessels (FreissMutH et al. 1987), glomeruli (PaLacios et al. 1987,
FrE1ssmuTH et al. 1987; Tova et al. 1993), and collecting tubules (PALACIOS
et al. 1987). Ligand binding studies also detect A, receptors in several renal
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epithelial cell model systems including cells derived from cortical collecting
tubular cells (SPIELMAN et al. 1992) and proximal epithelium-like OK and
LLC-PK, cells (CouLson et al. 1996). Inasmuch as the proximal tubule appears
to be the major diuretic site of action of A, receptor antagonists (see below),
it is surprising that A, receptors are not detectable using ligand binding or
autoradiographic approaches in whole kidney membranes, renal cortex, corti-
cal tubules, or proximal tubular brush border membranes (Wu and CHURCHILL
1985; FrReIssMUTH et al. 1987; PaLacros et al. 1987; WEBER et al. 1988; BLANCO
et al. 1992). However, in situ hybridization studies reveal A, receptor mnRNA
expression in collecting tubules and in the juxtaglomerular apparatus (WEAVER
and RepperT 1992). Moreover, the more sensitive RT-PCR technique detects
A, receptor mRNA expression in glomeruli, medullary collecting ducts, corti-
cal and medullary thick ascending limbs, proximal convoluted and straight
tubules (YamacucHI et al. 1995) and in the outer medullary descending vasa
recta (KREISBERG et al. 1997).

In renal epithelial cells, A, receptors appear to engage at least two differ-
ent signal transduction pathways:

(1) G;— decreased adenylate cyclase activity — decreased cAMP; and
(2) Ggu1 — stimulation of PLC — increased IPs, intracellular calcium and
DAG — PKC activation.

The evidence supporting the two aforementioned signal transduction
systems in the context of renal epithelial A, receptors is currently incomplete.

Evidence for the G; signal transduction pathway is based mainly on cyclic
AMP measurements. A; receptor activation decreases cyclic AMP in cultured
proximal epithelium-like LL.C-PK; cells (LEVIER et al. 1992) and OK cells
(CouLson et al. 1991), in the perfused rectal gland of the dogfish shark, a
model of system for the thick ascending limb of Henle’s loop (KELLEY et al.
1990), in cortical collecting tubule cells (AReND et al. 1987b, 1988), in inner
medullary collecting duct cells (YaciL 1990, 1992), and in perfused inner
medullary collecting ducts (EpwarDs and SPIELMAN 1994). Presumably, the
reduction in cyclic AMP levels by A, receptor simulation is due to activation
of G;j, since G; is present in renal epithelial cells and is negatively coupled
to adenylate cyclase. Moreover, inhibition of G; with pertussis toxin inhibits
the diuretic/natriuretic response to A, receptor blockade (Kost et al. 1998)
and pertussis toxin blocks the effects of an A; receptor agonist on sodium
transport in cultured amphibian epithelial (A6) cells (HAYSLETT et al. 1995);
however, negative results with pertussis toxin are reported (Mizumoro et al.
1993) and more studies are required to clarify the role of G; in the tubular
effects of A, receptors.

Several studies support the involvement of the G, signal transduction
pathway in cells with proximal and distal epithelial phenotypes. In cultured
LLC-PK, cells, A; receptor activation increases intracellular levels of inositol
phosphates (LEVIER et al. 1992), and in cultured OK cells, A, receptor activa-
tion stimulates protein kinase C activity (CouLson et al. 1991). In cultured cor-
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tical collecting tubule cells, A| receptor activation augments intracellular levels
of calcium (AREND et al. 1988) and diacylglycerol (SCHWIEBERT et al. 1992) and
increases protein kinase C activity (SCHWIEBERT et al. 1992), and in A, cells
(distal phenotype) A; receptor activation increases intracellular calcium
(CasavoLa et al. 1996).

In addition to the classical signal transduction processes described above,
A, receptors may also activate unknown pathways in renal epithelial cells that
do not involve adenylate cyclase or protein kinase C. In epithelial cells from
rabbit connecting tubules and cortical collecting ducts, A, receptor activation
stimulates transepithelial calcium transport without significantly elevating
intracellular levels of cyclic AMP (HoenDEROP et al. 1998). Also, neither chela-
tion of intracellular calcium with BAPTA/AM nor down-regulation of protein
kinase C with prolonged phorbol ester treatment affects A, receptor-induced
transepithelial calcium transport (HoENDEROP et al. 1998).

Little is known regarding the signal transduction pathways by which A,
receptor activation vasoconstricts the preglomerular microvessels, medi-
ates/modulates tubuloglomerular feedback (TGF), and inhibits renin release.
However, the effect of A, receptor activation on renin release is pertussis toxin
sensitive (Rossl et al. 1987a), suggesting that G-mediated inhibition of adeny-
late cyclase importantly contributes to this response. This conclusion is
consistent with the well-known role of cyclic AMP as an intracellular media-
tor of renin secretion in the juxtaglomerular cell (Jackson 1991).

II. Renal Systems Regulated by A, Receptors

1. Regulation of Preglomerular Vascular Resistance

Infusion of a selective A, receptor agonist into the renal interstitium decreases
both cortical and medullary blood flow indicating that A, receptor stimulation
causes vasoconstriction in both superficial and deep nephrons (Fig. 1) (AGmoN
et al. 1993). The reduction in blood flow induced by A; receptor stimulation is
due primarily to an increase in the vascular resistance of preglomerular
microvessels (OsswaLp et al. 1978b; Murray and CHURCHILL 1984, 1985),
although vasoconstriction of the outer medullary descending vasa recta may
contribute to the decrease in blood flow of deeper nephrons (SILLDORFF et al.
1996). A; receptor-mediated preglomerular vasoconstriction is strongly
modulated by endogenous autacoids, particularly nitric oxide and angiotensin
II. In this regard, nitric oxide (NO) attenuates A; receptor-mediated
preglomerular vasoconstriction (Barrerr and DroprpLEMAN 1993), while
angiotensin II potentiates A, receptor-mediated preglomerular vasoconstric-
tion (OsswaLD et al. 1975; SPIELMAN and OsswaLD 1979; HaLL and GRANGER
1986a; DERAY et al. 1990b; WEIHPRECHT et al. 1994; MUNGER and JacksoN 1994;
TrAYNOR et al. 1998). The fact that not all studies report a positive synergy
when angiotensin II receptors and A, receptors are co-activated (RossI et al.
1987b; BARRETT and DroPPLEMAN 1993; CARMINES and INscHO 1994) suggests
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Roles of A, Receptors in Renal Physiology
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Fig.1. Possible mechanisms by which A, receptors participate in the regulation of
preglomerular resistance, tubuloglomerular feedback (TGF), renin release, and renal
epithelial transport. Solid and broken arrows indicate positive and negative causal
connections, respectively. JGCs, juxtaglomerular cells; PTCs, proximal tubular cells

that this interaction is itself influenced by additional factors that vary among
model systems.

2. Regulation of Tubuleglomerular Feedback

Tubuloglomerular feedback (TGF) is a mechanism by which variations in
loop of Henle flow rate elicit inverse changes in single nephron glomerular
filtration rate (SNGFR), thus assuring that the reabsorptive capacity of the
nephron is not exceeded by the load of ultrafiltrate. Whenever SNGFR
exceeds the reabsorptive capacity of the proximal tubule of a given nephron,
the concentration of NaCl reaching the macula densa of that nephron
increases. This in turn causes the macula densa to dispatch a signal to the affer-
ent arteriole of that nephron, which causes the afferent arteriole to constrict,
thereby reducing capillary pressure, single nephron blood flow and SNGFR,
thus completing the feedback loop.

As illustrated in Fig. 1 (left panel), a proposed mechanism (OsSWALD
et al. 1980, 1996) for TGF is: increased NaCl concentration at the macula densa
— enhanced NaCl reabsorption by the macula densa — increased energy
demand and augmentation of ATP breakdown in the macula densa —
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increased rate of adenosine biosynthesis from AMP in the macula densa —
diffusion of adenosine from the macula densa to the adjacent afferent arteri-
ole — afferent arteriolar vasoconstriction due to A, receptor activation. This
aforementioned mechanism is supported by the following experimental
evidence:

1. Increasing the energy utilization by the kidney markedly diminishes renal
tissue ATP levels and concomitantly augments renal adenosine levels
(OsswaLD et al. 1980).

2. Hypertonic saline increases adenosine release from mouse thick ascending
limbs (BAuDOUIN-LEGROS et al. 1995).

3. In animals, a high sodium diet increases renal interstitial levels of adeno-
sine by as much as 18-fold (Siracy and LINDEN 1996) and increases total
tissue levels of adenosine in the renal cortex and medulla by approximately
2-fold (Zou et al. 1999a).

4. Adenosine receptor antagonists such as theophylline (OsswaLD et al. 1980),
DPSPX (Franco et al. 1989), and DPCPX (ScHNERMANN et al. 1990) inhibit
TGE.

5. Exogenous adenosine deaminase, the enzyme that metabolizes adenosine
to inosine, attenuates TGF (OsswaLp et al. 1980).

6. Inhibition of adenosine transport with dipyridamole or inhibition of adeno-
sine deaminase with erythro-9-(2-hydroxy-3-nonyl)adenine augments TGF
(OsswaLbp et al. 1982).

7. Intraluminal (Franco et al. 1989) or peritubular (SCHNERMANN et al. 1990)
infusions of selective A agonists reduce glomerular hydrostatic pressure.

8. The reduction in renal blood flow induced by intrarenal infusions of hyper-
tonic saline, a model system for TGF, is blocked by adenosine receptor
antagonists (GERKENS et al. 1983a; CaLLIs et al. 1989; Deray et al. 1990b).

The TGF model by Osswald et al. (1980) posits that adenosine mediates TGF,
and the aforementioned evidence is consistent with this hypothesis. However,
the available evidence is also consistent with adenosine subserving a modula-
tory, rather than mediator, role in TGF. In this regard, recent experiments by
THomsoN et al. (1998) support a modulator role for adenosine generated by
ecto-5-nucleotidase.

3. Regulation of Renin Release

Inasmuch as A, receptors are coupled to adenylate cyclase via inhibitory
G-proteins and since stimulation of renin release from juxtaglomerular cells
by many physiological and pharmacological stimuli involves activation of
adenylate cyclase, juxtaglomerular A, receptors may function to restrain
renin release responses (Fig. 1, middle panel). This theory is called the
adenosine-brake hypothesis (Jackson 1991).

The adenosine-brake hypothesis is supported by considerable evidence.
For instance, both in vitro and in vivo, exogenous adenosine and selective A;
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receptor agonists decrease renin release (TaGawa and VANDER 1970; OSswALD
et al. 1978a; SPIELMAN 1984; AREND et al. 1984; MuUrrAY and CHURCHILL 1985;
Sk@TT and BaumBacH 1985; CHurcHILL and CHURCHILL 1985; DERAY et al. 1987,
1989b; RossI et al. 1987a; BaArcHOWSKY et al. 1987; CHURCHILL and Bipani
1987; LoreNz et al. 1993). Moreover, pharmacological agents that increase
levels of endogenous adenosine reduce renin release (AREND et al. 1986; Kuan
et al. 1990b).

Another line of evidence supporting the adenosine-brake hypothesis
is that pharmacological blockade of A, adenosine receptors with either
non-selective [theophylline, caffeine and 1,3-dipropyl-8-sulfophenylxanthine
(DPSPX)] or A, selective [1,3-dipropyl-8-cyclopentylxanthine (DPCPX) and
FK453] adenosine receptor antagonists potentiates renin release in many
different model systems. For example, theophylline enhances renin release in
dogs (REID et al. 1972; LANGARD et al. 1983), isolated rabbit afferent arterioles
(CannoN et al. 1989) and in isolated perfused rabbit (ViskoPER et al. 1977) and
rat (PEART et al. 1975) kidneys. Caffeine stimulates renin release induced by
renal artery hypotension in dogs (DErAy et al. 1989a), by furosemide (PauL
et al. 1989), hydralazine (Torovic et al. 1991), and salt-depletion (TSENG et al.
1993) in rats, and by diazoxide in humans (BRowN et al. 1991). DPSPX, an
adenosine receptor antagonist that is restricted to the extracellular space,
increases renin release in rats induced by sodium restriction (Kuan et al. 1989),
hydralazine (Kuan et al. 1990b; Torovic et al. 1991), and renal artery clipping
(Kuan et al. 1990b). Moreover, the A, receptor selective antagonist DPCPX
stimulates renin release induced by isoproterenol in rats (PFEIFER et al. 1995)
and stimulates basal renin release in superfused juxtaglomerular cells
(ALBINUS et al. 1998), and the A; receptor selective antagonist FK453
augments renin release in rats (PFEIFER et al. 1995) and humans (vaN BUREN
et al. 1993; BALAKRISHNAN et al. 1993).

Most likely, a biochemical mechanism called the cyclic AMP-adenosine
pathway provides the source of endogenous adenosine that mediates the
adenosine-brake on renin release (Fig. 1, middle panel). Activation of
adenylate cyclase, as occurs whenever renin release is stimulated via (-
adrenoceptors or prostaglandin receptors, causes egress of intracellular
cyclic AMP onto the surface of the cell membrane (BarBER and BUTCHER
1981, 1983). Current evidence supports the conclusion that extracellular
cyclic AMP is converted by ecto-phosphodiesterase to AMP and hence to
adenosine by ecto-5"-nucleotidase (M1 et al. 1994; M1 and JacksoN 1995,
1998; DuBey et al. 1996, 1998; JacksoN et al. 1997). Since these reac-
tions occur at the cell surface, stimulation of adenylyl cyclase results in
adenosine biosynthesis in the biophase in which the extracellular adenosine
receptors reside, thereby generating pharmacologically active concen-
trations of adenosine locally without increasing adenosine levels at more
distal sites.

In addition to inhibiting renin release at the level of the juxtaglomerular
cell, adenosine may also inhibit renin secretion via a CNS mechanism. In this



P1 and P2 Receptors in the Renal System 39

regard, injections of adenosine or adenosine agonists into the CNS cause sym-
pathoinhibition (Barraco et al. 1986; MosQuUEDA-GARcIA 1989; ScisLo et al.
1998), and blockade of CNS adenosine receptors with caffeine enhances
central sympathetic tone (Smits et al. 1983, 1986; MosQUEDA-GaARcIA et al.
1990). Thus, adenosine formed within the CNS may brake renin release
responses by inhibiting sympathetic tone and thereby reducing activation of
juxtaglomerular f;-adrenoceptors. This hypothesis is supported by the findings
that adenosine receptor antagonists that gain entry into the CNS increase
renin release responses more so than do antagonists that are excluded
from the CNS (Torovic et al. 1991) and by the observations that selective
blockade of CNS adenosine receptors augments renal renin and norepineph-
rine secretion induced by systemic administration of vasodilators (Torovic
et al. 1996).

4. Regulation of Tubular Transport

Several lines of evidence strongly support the conclusion that A, receptors
importantly regulate transport by renal epithelial cells. Stimulation of A,
receptors in cultured OK cells (proximal phenotype) increases Na'-glucose
symport as well as Na'-phosphate symport (Courson et al. 1991), and in
microperfused proximal convoluted tubules activation of A; receptors
enhances basolateral Na™-3HCO;™ symport (TAKEDA et al. 1993). Moreover,
KW-3902, an A, receptor selective antagonist, inhibits sodium dependent
phosphate transport in renal proximal tubular cells by increasing cyclic AMP
(Car et al. 1994, 1995). Thus, A, receptors appear to mediate enhancement of
tubular transport in proximal tubular epithelial cells.

In contrast, A, receptors may cause inhibition of tubular transport in the
thick ascending limb and collecting ducts. For instance, in the perfused rectal
gland of the dogfish shark (KELLEY et al. 1990; FORREST 1996), in the isolated
perfused medullary thick ascending limb (BEacHu and Goop 1992), and in cul-
tured inner medullary collecting duct cells (MoYER et al. 1995), stimulation of
A, receptors decreases ClI™ transport. Moreover, stimulation of A; receptors
decreases vasopressin-induced water permeability in the perfused inner
medullary collecting duct (EDwARDS and SPIELMAN 1994), and in cultured inner
medullary collecting duct cells, A; receptors cause an increase in transepithe-
lial resistance as well as a decrease in sodium uptake (YAGIL et al. 1994).
Finally, in A6 cells (distal phenotype), A, receptor agonists decrease Na'/H"
exchange (Casavora et al. 1997). However, another study using A6 cells
reports A; receptor-mediated increases in the number times open probability
of amiloride-sensitive sodium channels (Ma and LinG 1996), and HOENDEROP
et al. (1998) report A, receptor-mediated increases in calcium transport in
cultured collecting duct cells. Thus, while the bulk of the evidence supports
inhibition of transport in the thick ascending limb and collecting duct
by A, receptors, evidence to the contrary exists and further studies are
warranted.



40 E.K. JAcksoN

A number of in vivo studies describe the effects of adenosine and adeno-
sine receptor agonists on renal excretory function. In general, intravenous
infusions of non-selective and selective A; agonists reduce urine volume and
sodium excretion (CHURCHILL 1982; Cook and CHURCHILL 1984; CHURCHILL
et al. 1984; CaurcHILL and Bipani 1987; LEvENs et al. 1991a; EbLuND and
SorLevi 1993). In humans, intravenous infusions of adenosine decrease the
renal excretion of sodium, lithium, phosphate, uric acid, chloride, and urea
(BALAKRISHNAN et al. 1996b). Likewise, infusions of non-selective A, receptor
agonists into the renal artery or in the suprarenal aorta usually (Tacawa and
VANDER 1970; OsswaLD et al. 1975, 1978b; OsswaLD 1975; SPIELMAN 1984;
DEeray et al. 1987, 1989b), but not always (HaLL and GRANGER 1986b;
Mivamoto et al. 1988; EDLUND et al. 1994), reduce urine volume and sodium
excretion. The rat seems to be an exception since intrarenol artery infusions
of adenosine or selective A receptor agonists increase, rather than decrease,
sodium excretion and urine volume (Mivamoro et al. 1988; YagiL 1994;
Fransen and Koomans 1995). However, interstitial adenosine infusions are
antiphosphaturic in diabetic rats via an A, receptor-mediated mechanism
(PFLUEGER et al. 1998).

It is challenging to infer from the in vivo studies whether adenosine recep-
tors have direct effects on tubular transport and whether the direct tubular
effects at physiological levels of adenosine are natriuretic/diuretic or antinatri-
uretic/antidiuretic. In this regard, changes in blood pressure, renal blood flow
(RBF), the intrarenal distribution of RBF, glomerular filtration rate (GFR),and
renin release confound interpretation of the renal excretory responses to
adenosine receptor agonists. Also, endogenous adenosine levels in the kidney
may be sufficient to cause near saturation of A, receptors on tubular epithelial
cells, thus further confounding the interpretation of the effects of exogenous
adenosine receptor agonists on renal function. Thus, investigations with adeno-
sine receptor antagonists are more informative than studies with adenosine
receptor agonists with regard to understanding the physiological roles of
endogenous adenosine/A; receptor interactions on tubular transport.

Numerous studies report that selective blockade of renal A; receptors
causes diuresis and natriuresis with minimum or no effects on potassium excre-
tion. For example, systemic administration of DPCPX (KNIGHT et al. 1993b)
and 8-(dicyclopropylmethyl)-1,3-dipropylxanthine (SHIMADA et al. 1991), two
highly selective A, receptor antagonists, increase urine volume and sodium
excretion in rats. Moreover, systemic administration of equipotent doses of
FK453 and DPCPX, two structurally dissimilar, highly potent and selective A,
antagonists, induces similar increases in sodium excretion and urine volume
in rats, while equal doses of the less active enantiomer of FK453, ie.,
FR113452, do not alter urine volume or sodium excretion (Kuan et al. 1993).
Most recently, GELLAT et al. (1998) report that the S-enantiomer of 1,3-
dipropyl-8-[2-(5,6-epoxynorbornyl)] xanthine (CVT-124), one of the most
potent and selective A, receptor antagonists yet identified, causes a marked
diuresis and natriuresis in conscious rats. The maximum diuretic/natriuretic
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effect of CVT-124 is twice that of hydrochlorothiazide, and CVT-124 enhances
the diuretic/natriuretic effect of furosemide without potentiating furosemide-
induced potassium excretion. CVT-124 also induces diuresis/natriuresis
in sodium-loaded animals (PrisTER et al. 1997). Racemic 1,3-dipropyl-8-
[2-(5,6-epoxynorbornyl)] xanthine (CVT-117), like CVT-124, is also
diuretic/natriuretic (OBERBAUER et al. 1998). Finally, direct infusions of 8-
(noradamantan-3-y1)-1,3-dipropylxanthine (KW-3902), yet another potent and
selective A, receptor antagonist, into the renal artery of dogs greatly increases
urine flow, sodium excretion, and osmolar clearance (Axi et al. 1997). Because
in normal animals selective A; antagonists have little effect on renal blood
flow, glomerular filtration rate, or arterial blood pressure, the natriuretic/
diuretic effects of this class of drugs cannot be ascribed to non-tubular effects.
In summary, all the studies with A, receptor antagonists are consistent with
the hypothesis that endogenous adenosine/A; receptor interactions enhance
tubular reabsorption of sodium.

The available in vitro evidence (see above) suggests that the proximal
tubule is the main site at which endogenous adenosine/A; receptor interac-
tions enhance tubular sodium reabsorption. Work by van BUREN et al. (1993)
and BALAKRISHNAN et al. (1993) suggests that blockade of A; receptors in
humans with FK453 causes diuresis/natriuresis mostly by interfering with
proximal tubular transport, although evidence for more distal effects are
reported in this study.

What is the source of adenosine in vivo that activates tubular A, recep-
tors? Since adenosine is filtered by the glomerulus, and one-half of filtered
adenosine escapes tubular uptake (THomPsoN et al. 1985), filtered adenosine
may contribute to adenosine levels in the tubular lumen. Also, both filtered
nucleotides and nucleotides released by epithelial cells are converted to
adenosine by proximal epithelial cells which are well-endowed with ecto-
ATPase, ecto-ADPase, and ecto-5'-nucleotidase (CuLic et al. 1990; PAWELCZYK
et al. 1992; L Hir and KAISSLING 1993).

By analogy with juxtaglomerular cells and renin release, it is conceivable
that the cyclic AMP-adenosine pathway contributes importantly to local
adenosine formation in the tubular lumen (Fig. 1, right panel). In this regard,
stimulation of adenylate cyclase increases cyclic AMP in proximal tubular
epithelial cells, and cyclic AMP would inhibit epithelial transport by reducing
the activity of the Na*—H* antiporter in the luminal membrane as well as
the Na*-3HCO5™ symport in the basolateral membrane. However, since stim-
ulation of adenylate cyclase would entail egress of cyclic AMP with local con-
version of cyclic AMP to adenosine, activation of A, receptors would limit the
initial stimulus to adenylate cyclase. Given the multiple mechanisms available
for adenosine production in the tubular lumen, it is not surprising that the
concentration of adenosine in both the urine (Svensson and Jonzon 1990)
and renal interstitium (BaraNOwskr and WESTENFELDER 1994) is several
hundred nanomoles per liter, a level that would fully activate epithelial A,
receptors.
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III. Renal Diseases Involving A; Receptors

Activation of renal A; receptors engages signal transduction mechanisms
which trigger several important proximate physiological responses in the
kidneys (see above). These proximate responses in turn elicit renal physio-
logical pathways that ultimately are either beneficial or detrimental to the
kidneys. Thus, adenomimetics and adenolytics (herein defined as drugs that
directly or indirectly increase or decrease, respectively, adenosine receptor
activation) may represent important new pharmacotherapeutic strategies for
the treatment of renal disease. In this regard, at least four major renal patho-
physiological mechanisms may be amenable to adenomimetics or adenolytics.

1. Chronic Renal Failure

The pathophysiology of chronic renal failure (CRF), regardless of the initial
insult, most likely involves a vicious cycle that results in a gradual, but inex-
orable, loss of renal function. The loss of nephrons due to an initial renal insult
results in dilation of the afferent arterioles of the remaining nephrons. Because
preglomerular vasodilation increases glomerular pressure, hyperfiltration in
the remaining nephrons ensues, thus maintaining a relatively normal GFR.
Although this response is adaptive in the short-term, in the long-term the
increased glomerular pressure causes glomerulosclerosis with further loss of
nephrons and acceleration of the vicious cycle (BRENNER et al. 1996). Thus,
although drugs that decrease glomerular pressure would result in an acute
reduction in GFR, such drugs may delay or prevent the gradual progression
to end stage renal disease. Conversely, although drugs that increase glomeru-
lar pressure may increase GFR acutely, such drugs may accelerate the rate of
GFR decline.

The above considerations suggest that adenomimetics may be useful
for the treatment of CRF. Stimulation of renal A, adenosine receptors with
selective or non-selective A, receptor agonists reproducibly decreases GFR
(OsswaLD et al. 1975, 1978b; CHURCHILL 1982; CHURCHILL et al. 1984;
PawrLowska et al. 1987; HALL and GRANGER 1986b; CHURCHILL and BIDANI
1987; Nies et al. 1991; LEVENS et al. 1991a; BARRETT and WRIGHT 1994; YAGIL
1994; EpLUND et al. 1994). This effect is most likely mediated by preglomeru-
lar microvascular vasoconstriction induced by activation of A, receptors (see
above), thus decreasing hydrostatic pressure in the glomerular capillaries and
diminishing the driving force for glomerular filtration. In addition, inhibition
of renin release, and therefore Ang I formation, by A; receptors (see above)
may also participate. Because Ang II normally constricts postglomerular
vessels, reducing the amount of Ang II would decrease Ang II-mediated post-
glomerular vasoconstriction which also would reduce the glomerular hydro-
static pressure. At any rate, activation of preglomerular, microvascular, and
juxtaglomerular A, receptors with adenomimetics should reduce glomerular
hydrostatic pressure and preserve renal function in CRF. Indeed, administra-
tion of selective A, receptor agonists (WEIHPRECHT et al. 1994) decreases stop-



P1 and P2 Receptors in the Renal System 43

flow pressure (an index of glomerular pressure) in rats, and chronic adminis-
tration of an adenosine uptake inhibitor (VALLON and OsswaLD 1994) to
rats with streptozotocin-induced CRF diminishes urinary protein excretion
(a marker of glomerular damage). Finally, inhibition of adenosine deaminase
prevents puromycin aminonucleoside nephrotoxicity (Nosaka et al. 1997),
although in this case the mechanism may involve inhibition of reactive oxygen
metabolites by decreasing the substrate for xanthine oxidase.

The above considerations also imply that adenolytics may be harmful in
CREF, and available data support this conclusion. Selective blockade of renal
A, receptors causes an increase in glomerular capillary pressure (MUNGER and
Jackson 1994), and chronic administration of caffeine enhances the ability of
Ang II to increase filtration fraction suggesting that blockade of renal adeno-
sine receptors augments Ang II-induced glomerular hypertension (HoLycross
and JacksoN 1992). Also, chronic blockade of adenosine receptors by caffeine
administration increases arterial blood pressure and reduces renal function in
rats with renovascular hypertension (OHnNisHI et al. 1986; Konno et al. 1991;
Cuor et al. 1993; Kosr et al. 1994) as well as in a genetic model of essential
hypertension with compromised renal function (Torovic and Jackson 2000).
Finally, since Ang II constricts postglomerular microvessels and increases
glomerular pressure, stimulation of the renin-angiotensin system is to be
avoided in patients with CRF. Indeed, several large clinical trails clearly show
that blocking the renin-angiotensin system with angiotensin converting
enzyme inhibitors attenuates the decline in renal function in patients with
CRF (Lewis et al. 1993; RucGeNeNTI and REmuzzr 1997). Since blockade of
A, receptors enhances renin release (see above), this is another reason to
avoid adenolytic drugs in CRF. Indeed, studies by BALAKRISHNAN et al. (1996a)
demonstrate that FK453 augments renin release in patients with chronic renal
failure without improving glomerular filtration.

2. Acute Renal Failure Induced by Radiocontrast Agents and
Renal Revascularization

Infusions of hypertonic radiocontrast media cause a rapid reduction in GFR
and RBF that occasionally leads to acute renal failure (ARF) in susceptible
patients (CHou et al. 1971; Ansart and BALDWIN 1976; KATZBERG et al. 1983).
Since hypertonic radiocontrast agents cause an osmotic diuresis, the delivery
of NaCl to the macula densa is increased. Therefore, it is possible that
the pathophysiological mechanism of radiocontrast-induced nephropathy
includes activation of TGF. Inasmuch as adenosine either mediates or modu-
lates TGF responses, adenolytic drugs may be useful in the prevention and
treatment of radiocontrast-induced ARF.

Several studies support the concept that adenolytic drugs may attenuate
radiocontrast-induced nephropathy. ARenD et al. (1987a) report that intra-
renal injections of hypertonic radiocontrast media in dogs increases the renal
excretion rate of adenosine, that theophyiline, an adenosine receptor antago-
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nist, attenuates radiocontrast-induced decreases in RBF and GFR, and that
dipyridamole, an inhibitor of adenosine uptake, accentuates RBF and GFR
responses to hypertonic radiocontrast media. Studies by DEerAY et al. (1990a)
in dogs confirm that theophylline reduces the renovascular response to radio-
contrast media. In humans, although both low- and high-osmolality radiocon-
trast media increase urinary excretion rate of adenosine, the increase with
high-osmolality radiocontrast media is greater than that caused by low-osmo-
lality radiocontrast media, and the negative effects of high-osmolality radio-
contrast media on creatinine clearance are greater than those caused
by low-osmolality radiocontrast media (Karnovl et al. 1995). As in dogs, in
humans theophylline attenuates the radiocontrast-induced changes in renal
function (ERLEY et al. 1994; KartHoLI et al. 1995).

Although the results with theophylline support the hypothesis that
endogenous adenosine/A; receptor interactions are involved in the patho-
physiology of radiocontrast-induced nephropathy, theophylline is a non-
selective adenosine receptor antagonist and exerts other effects as well.
Importantly, recent studies by ERLEY et al. (1997,1998) demonstrate that selec-
tive blockade of A, receptors with DPCPX prevents radiocontrast-induced
reductions in RBF and GFR in a rat model of radiocontrast-induced nephro-
pathy. Likewise, in dogs the selective A; receptor antagonist, KW-3902 pre-
vents radiocontrast-induced reductions in RBF and GFR (Arakawa et al.
1996; NaGasHIMA et al. 1998).

In some cases, successful revascularization of a kidney with a renal artery
stenosis is not accompanied by an early improvement in renal function (DeaN
1985). One hypothesis to explain this phenomenon is that the ischemic kidney
adapts by diminishing its metabolic and transport activity, so that when sudden
reperfusion occurs a large quantity of ultrafiltrate escapes proximal reabsorp-
tion and activates TGF. In support of this hypothesis, ABELS et al. (1992) report
that in dogs CGS 15943A, an adenosine receptor antagonist, attenuates the
increase in renal vascular resistance (RVR) induced by correction of a renal
artery stenosis.

In summary, both radiocontrast-induced and renal revascularization-
induced ARF may be mediated by TGF, and therefore endogenous adeno-
sine/A, receptor interactions may participate in the pathophysiology of these
renal disorders. There is sufficient evidence to warrant clinical trials of
adenolytic drugs, in particular selective A; receptor antagonists, for the
prevention and treatment of radiocontrast-induced nephropathy as well as
renal revascularization-induced ARF.

3. Acute Tubular Necrosis-Induced Acute Renal Failure

AREF is a precipitous reduction in GFR leading to accumulation of nitroge-
nous wastes that affects 5% of hospitalized patients and is associated with a
high mortality rate. Approximately two-thirds of all intrinsic ARF is secondary
to acute tubular necrosis (ATN), and the mortality rate in patients with ATN-
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induced ARF is approximately 50%. Irrespective of the nephrotoxic insult,
the pathophysiology of ATN-induced ARF involves physical obstruction of
tubules with epithelial cells, backleak of ultrafiltrate through a disrupted
epithelial barrier, and functional dysregulation of the renal microcirculation.

It is theoretically possible that endogenous adenosine/A, receptors par-
ticipate in ATN-induced ARF. Because damage to epithelial cells impairs
energy generation, depletion of ATP and ADP and accumulation of AMP
and adenosine may occur in injured epithelial cells, and adenosine-mediated
constriction of the preglomerular microcirculation due to activation of A,
receptors could result in a functional reduction in GFR. Moreover, because
epithelial cell damage also decreases reabsorptive capacity of the proximal
tubule, increased distal delivery of NaCl could diminish GFR via activation of
TGF, a process mediated or modulated by endogenous adenosine/A; receptor
interactions (see above).

The hypothesis that endogenous adenosine/A,; receptor interactions par-
ticipate in ATN-induced AREF is supported by numerous studies involving
several different nephrotoxins. Administration of adenosine receptor antago-
nists before or soon after injection of glycerol attenuates glycerol-induced
AREF. In this regard, the non-selective antagonists aminophylline (BipanI
and CHurcHILL 1983) and theophylline (Bipant et al. 1987), the relatively
non-selective antagonist 8-phenyltheophylline (BowMer et al. 1986), and
several highly A, receptor selective antagonists including DPCPX (KELLETT
et al. 1989; PaNJEHSHAHIN et al. 1991b), 8-(dicyclopropylmethyl)-1,3-
dipropylxanthine (SHIMADA et al. 1991), FK453 (Isnikawa et al. 1993a; ANDOH
et al. 1991), and KW-3902 (Suzukr 1992; Suzukr et al. 1992) attenuate glyc-
erol-induced ARF. The observations in the rat that glycerol increases circu-
lating levels of adenosine (IsHikawa et al. 1993b), increases the renovascular
response to adenosine (GouLD et al. 1995), and increases A, receptor density
and mRNA levels (GouLp et al. 1997) add credibility to the hypothesis that
adenosine is involved in glycerol-induced ARF.

In addition to glycerol-induced renal failure, pretreatment or co-treatment
with adenosine receptor antagonists attenuates ARF caused by several other
nephrotoxic drugs that directly damage renal epithelial cells. For instance, the
non-selective antagonist aminophylline (HEIDEMANN et al. 1989) and the
highly A;-selective antagonists DPCPX (KNIGHT et al. 1991), FK453 (ANDOH
et al. 1991), and KW-3902 (Suzukr 1992; NacasHMA et al. 1995) attenuate
cisplatin-induced ARF. Also, maneuvers that block TGF, such as a high salt
diet and furosemide, attenuate cisplatin-induced ARF (HEIDEMANN et al.
1985), suggesting that TGF, and by implication adenosine, participates in this
form of ARF. The A, selective antagonists FK453 (ANDoH et al. 1991) and
KW-3902 (Yao et al. 1994) reduce gentamicin-induced ARF, and KW-3902
(NacasHIMA et al. 1994) attenuates cephaloridine-induced nephrotoxicity.
Amphotericin B nephrotoxicity is reduced by aminophylline (GERKENS et al.
1983b; HEIDEMANN et al. 1983a), theophylline (HEIDEMANN et al. 1991), and
inhibition of TGF with salt repletion (HEIDEMANN et al. 1983b; BrancH et al.
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1987; OnnisHI et al. 1989; Lranos et al. 1991), but not by DPSPX, an adeno-
sine receptor antagonist that is restricted to the extracellular space (KUAN
et al. 1990a). Also, amphotericin B does not increase urinary adenosine excre-
tion in patients (CArLSON et al. 1997). HgCl,-induced ARF (Rossi et al. 1990)
and cyclosporin-induced (GERKENS and SmitH 1985; PANJEHSHAHIN et al.
1991a) ARF are resistant to adenosine receptor blockade. However, caffeine
and theophylline attenuate cyclosporin-induced glomerular contraction in
vitro (PoTIER et al. 1997) and the selective A, receptor antagonist FK453
modestly attenuates the decline in GFR and RBF induced by cyclosporin
(BALAKRISHNAN et al. 1996¢). Moreover, a recent study demonstrates that
cyclosporin in kidney transplantation recipients decreases adenosine uptake
into red blood cells and increases circulating levels of adenosine (GUIEU et al.
1998). Additional studies are required to clarify the role of adenosine in both
amphotericin B as well as cyclosporin-induced nephrotoxicity.

Renal ischemia/hypoxia is a powerful stimulus for the renal production
of adenosine (OsswaLD et al. 1977; MILLER et al. 1978; RAMOs-SALAZAR and
BAINES 1986), and adenosine may participate in ARF caused by renal
ischemia/hypoxia. Theophylline (OsswaLD et al. 1977; Sakar et al. 1979; Lin
et al. 1986, 1988; GouyoN and BuiGNARD 1988) and adenosine ¢,-methylene
diphosphate (vAN WAARDE et al. 1989), an inhibitor of ecto-5"-nucleotidase,
attenuate, whereas dipyridamole (Lin et al. 1987), an inhibitor of adenosine
uptake, potentiates ischemia/hypoxia-induced ARF.

Although hypothyroidism-induced renal dysfunction is not due to ATN,
hypothyroidism is associated with renal dysfunction characterized by renal
vasoconstriction and alterations in tubular transport. Blockade of adenosine
receptors with DPSPX increases single nephron GFR, single nephron blood
flow, and the ultrafiltration coefficient, while decreasing afferent and efferent
resistances in thyroidectomized rats (Franco et al. 1996). In contrast, in normal
rats, DPSPX does not modify glomerular hemodynamics. In the same study,
in normal rats exogenous adenosine increases afferent and efferent resis-
tances, while decreasing single nephron GFR, single nephron blood flow,
and the ultrafiltration coefficient. Also, adenosine transport in brush border
membrane vesicles from hypothyroid rat kidneys appears to be diminished
(MARTINEZ et al. 1997). Thus, adenosine may contribute to hypothyroidism-
induced renal dysfunction.

Although the aforementioned studies clearly indicate that A, receptor
antagonists prevent many forms of experimental ATN-induced ARF, they do
not address the clinically important issue of whether this class of drugs
reverses established ATN-induced ARF. In fact the available data suggest that
adenosine is not involved in established nephrotoxin-induced ARF. For
instance, intrarenal infusion of an A, agonist (N®-cyclopentyladenosine; CPA)
in normal animals cannot mimic the reductions in GFR and the increases in
RVR caused by cisplatin as would be anticipated if endogenous adenosine
plays an important role with regard to altering renal hemodynamics during
established ARF (Jackson et al. 1995). Moreover, in animals with established
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cisplatin-induced ARF, the GFR and RVR responses to CPA are not altered
compared with control animals, suggesting that endogenous adenosine is not
occupying A, receptors in established cisplatin-induced ARF (JacksoN et al.
1995). Also, in established cisplatin-induced ARF, renal cortical levels of
adenosine, inosine, xanthine, and hypoxanthine are not elevated, and DPCPX,
a highly selective A, receptor antagonist, does not improve renal function in
established cisplatin-induced ARF (JacksoN et al. 1995).

The finding that adenosine is not involved in established nephrotoxin-
induced ARF indicates a need to re-evaluate the hypothesis that adenosine
participates in nephrotoxin-induced ARF by functionally constricting the pre-
glomerular microcirculation. In this regard, a likely explanation for the effec-
tiveness of A, receptor antagonists to prevent, but not reverse, ATN-induced
AREF is that endogenous adenosine facilitates reabsorption of ultrafiltrate by
the proximal tubule. This would increase the concentrations of nephrotoxins
in the tubular lumen, result in a greater diffusion of nephrotoxins into proxi-
mal epithelial cells, and thus enhance epithelial cell injury. Conversely, antag-
onism of A, receptors in the proximal tubule would decrease reabsorption of
ultrafiltrate, would reduce the concentration of nephrotoxins, and thus would
protect proximal tubular epithelial cells. Several observations support this
hypothesis. First, as already mentioned, A, receptor antagonists prevent, but
do not reverse, nephrotoxin-induced ARF. Second, the diuretic site-of-action
of adenosine receptor antagonists is primarily the proximal tubule, and adeno-
sine receptor antagonists are much more effective against nephrotoxins (e.g.,
glycerol, cisplatin, gentamicin, and cephaloridine) that selectively injure this
region of the nephron compared with nephrotoxins that cause widespread
tubular injury (e.g., amphotericin B and cyclosporin). Third, acetazolamide, a
diuretic that inhibits transport in the proximal tubule, prevents, but does not
reverse, cisplatin-induced ARF (HEIDEMANN et al. 1985).

Other forms of ATN-induced ARF may also be amenable to treatment
with adenolytics. Gram-negative sepsis/endotoxemia can induce ARF, and
mortality in such patients is more than 60%. The observation that endotoxin
can release adenosine from endothelial cells (RounDs et al. 1994) suggests a
possible role for adenosine, and studies by KniGHT et al. (1993a) demonstrate
that administration of the selective A receptor antagonist DPCPX attenuates
somewhat endotoxin-induced ARF in rats.

4. Edema

Adenolytics, particularly A; receptor antagonists, may be clinically useful
diuretics. As described above, A, receptor antagonists inhibit tubular transport,
predominantly in the proximal tubule but also in the collecting duct, and induce
a brisk natriuresis/diuresis with little or no effect on potassium excretion (TERAI
et al. 1990; SHIMADA et al. 1991; Suzuxki et al. 1992; KuaN et al. 1993; KNIGHT
et al. 1993b; MizumoTo et al. 1993; vaN BUREN et al. 1993; BALAKRISHNAN et al.
1993). Moreover, CVT-124, a highly selective A, receptor antagonist, uncouples
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proximal tubular reabsorption from single nephron GFR, thus preventing
TGF-mediated reductions in GFR and RBF from being triggered by increases
in distal delivery of NaCl (WiLcox et al. 1999). Therefore, adenolytic-based
diuretic strategies may be useful for the treatment of edematous conditions
such as heart failure, liver disease, and renal disease, particularly in patients
with diuretic resistance or in patients who cannot tolerate other diuretics
because of reductions in GFR or RBF. Also, antagonism of renal A, receptors
may be antihypertensive in salt-sensitive hypertension (NoMURa et al. 1995).
Clinical trials are warranted to establish whether chronic administration of A,
receptor antagonists induces a sustained decrease in total body sodium and
whether A, receptor antagonists augment the diuretic efficacy of loop diuret-
ics and/or thiazide diuretics by sequential blockade of nephron segments.

C. Renal A, Receptors

It is difficult to distinguish A,, and A, receptors using currently available A,
receptor agonists and antagonists, and consequently the majority of published
pharmacological studies do not unequivocally discriminate between these A,
receptor subtypes. In the material that follows, except where the data is clearly
stated to address the issue, the A,, and A,p receptors are not differentiated.
Therefore, the term “A, receptor”, meaning either subtype, is mostly employed
in the subsequent discussion.

I. Renal A, Receptor Distribution and Signal
Transduction Mechanisms

Radioligand binding studies reveal A, receptors in whole kidney membranes
(Wu and CHurcHILL 1985) and A, receptor mRNA, but not A,z receptor
mRNA, is expressed in the renal papilla and inner medulla at a location
outside the collecting duct (WEavER and REeppeErRT 1992). Using RT-PCR,
KREISBERG et al. (1997) report expression of both A, and A, receptor mRNA
in the outer medulla and outer medullary descending vasa recta. In cultured
cortical collecting duct cells (AREND et al. 1987b; HoENDEROP et al. 1998),
connecting tubule cells (HoeENDEROP et al. 1998), LLC-PK, cells (LEVIER et al.
1992), and A6 cells (Casavora et al. 1997), and in isolated renal cortical tubules
(LANG et al. 1985), glomeruli (FreissMUTH et al. 1987), and renal microvessels
(FrREISSMUTH et al. 1987), renal A, receptors stimulate cyclic AMP production.
Most likely stimulation of adenylate cyclase represents the predominant signal
transduction pathway employed by renal A, receptors.

II. Renal Systems Regulated by A, Receptors

Currently there is little evidence that A, receptors directly regulate tubular
epithelial transport. For instance, the diuretic/natriuretic effects of adenosine
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Roles of A, Receptors in Renal Physiology

POSTGLOMERULAR NEUTROPHIL-ENDOTHELIAL ERYTHROPOIETIN
RESISTANCE INTERACTIONS

NaCliltake Renal Ischemia/Reperfusion Anemia
NaCl Delivery ¢ ¢

to Tubules

* Renal Adenosine Production Ecto-5’-NT Activity

NaCl Transport on Peritubular Fibroblasts

by Tubules ¢

4

Energy Demand A Receptor Adenosine Production

by Tubules Activation on Neutrophils by Peritubular Fibroblasts
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Medullary Blood Flow and Natriuresis Erythropoietin Production

Fig.2. Possible mechanisms by which A, receptors participate in the regulation of post-
glomerular resistance, sodium excretion, neutrophil-endothelial cell interactions, and
erythropoietin production. Solid and broken arrows indicate positive and negative
causal connections, respectively. Ecto-5"-NT, ecto-5"-nucleotidase

receptor antagonists correlate with A,, rather than A,, receptor affinity
(Suzukr et al. 1992). Although in A6 cells A, receptors inhibit amiloride-
sensitive sodium channels (Ma and LinG 1996), A, receptors stimulate Na*/H*
exchange activity (CasavorLa et al. 1997), and the net effect on sodium
transport appears to be positive (LANG et al. 1985). A, receptors also stimu-
late renin release (CrurcHILL and CHURCHILL 1985); however, the physiolog-
ical relevance of this finding is unclear.

Three important renal systems may be regulated by A, receptors (Fig. 2):

1. Postglomerular vascular resistance
2. Neutrophil-endothelial cell interactions in the kidney
3. Erythropoietin (EPO) production by peritubular fibroblasts

1. Regulation of Postglomerular Vascular Resistance

In contrast to A, receptor activation, which causes predominantly vasocon-
striction of superficial and deep preglomerular microvessels, A, receptor acti-
vation in the renal microcirculation leads to vasodilation of postglomerular
vessels in the inner cortex and medulla, but not in the outer cortex (SPIELMAN
et al. 1980; Murray and CHURCHILL 1984, 1985; AGMON et al. 1993).
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Although bolus injections of adenosine into the renal artery cause a rapid
reduction in RBF (OsswaLp et al. 1975; SeieLMaN and OsswaLp 1979;
BERTHOLD et al. 1998), intrarenal infusions of adenosine in vivo characteristi-
cally cause an immediate reduction in RBF that wanes in less than a minute,
with RBF gradually returning to or above baseline within a few minutes
(Tagawa and VANDER 1970; OsswaLD 1975; OsswaLD et al. 1978b; SPIELMAN
and TuompsoN 1982). This interesting time-course is due to the fact that the
onset of A| receptor-mediated preglomerular vasoconstriction is faster than
the onset of A, receptor-mediated postglomerular vasodilation. Thus, the rapid
preglomerular vasoconstriction mediated by A, receptor activation by adeno-
sine reduces RBF; whereas the delayed decrease in postglomerular resistance
mediated by A, receptor activation gradually restores RBF to or above the
original baseline. Inasmuch as vasoconstriction dominates in the outer renal
cortex and vasodilation dominates in the inner cortex, adenosine redistributes
RBF from outer to the inner cortex (UEpa 1972; SPIELMAN et al. 1980; DINOUR
and Brezis 1991). In contrast to adenosine, selective A, agonists only increase
RBF without causing an initial decline (LEVENs et al. 1991a,b).

The ability of adenosine to dilate the medullary microcirculation may
importantly, albeit indirectly, contribute to the regulation of sodium excretion
(Zou et al. 1999b). As illustrated in Fig. 2 (left panel), increased dietary NaCl
intake results in greater NaCl delivery to the renal tubules, which in turn
increases tubular transport and energy demand. This sequence of events
increases adenosine production, particularly in the medulla, thus activating A,
receptors in the medullary microcirculation. Stimulation of A, receptors in the
medullary microcirculation increases medullary blood flow, which alters per-
itubular forces governing sodium reabsorption. The net result is an enhanced
excretion of NaCl. Therefore, whereas A receptors directly enhance NaCl reab-
sorption by stimulating transport by renal epithelial cells, A, receptors indi-
rectly decrease NaCl reabsorption by augmenting renal medullary blood flow.

2. Regulation of Neutrophil-Endothelial Cell Interactions in the Kidney

A, receptor activation is well known to inhibit neutrophil-endothelial cell
interactions in vitro (CRONSTEIN 1994). More importantly, A, receptor acti-
vation in vivo attenuates neutrophil-endothelial interactions following
ischemia/reperfusion injury (NorLTE et al. 1992). In this regard, Oxusa et al.
(1998) demonstrate that selective activation of A, receptors markedly dimin-
ishes the infiltration of neutrophils into kidneys subjected to 45min of renal
ischemia followed by 48h of reperfusion. As illustrated in Fig. 2 (middle
panel), it is possible that renal adenosine production in response to renal
ischemia functions to protect the kidney from neutrophil attack.

3. Regulation of Erythropoietin Production by Peritubular Fibroblasts

Several reports indicate that adenosine receptors importantly regulate ery-
thropoietin production by peritubular fibroblasts. In this regard, PauL et al.
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(1988) report that in the isolated, perfused rat kidney exogenous adenosine
increases the secretion of erythropoietin and that in hypoxic rats adenosine
deaminase inhibition increases and adenosine deaminase diminishes erythro-
poietin levels. UENO et al. (1988) found that A, receptor activation increases
erythropoietin levels in exhypoxic polycythemic mice. Additional reports
confirm that stimulation of A, receptors enhances erythropoietin synthesis
and release by a mechanism involving stimulation of adenylate cyclase
(NakasHIMA et al. 1991, 1993a,b, 1994; OnicasHi et al. 1993). Consistent with
a role for adenosine in the regulation of erythropoietin production are the
results by KarssLinG et al. (1993) demonstrating an increase in the expression
of ecto-5"-nucleotidase on peritubular fibroblasts in response to anemia. Also,
renal peritubular type I fibroblasts co-express erythropoietin, 5’-nucleotidase,
and an oxygen sensing mechanism (BachmMANN and Ramasussu 1997). It is
possible, therefore, that anemia may stimulate erythropoietin production by
peritubular fibroblasts via a mechanism involving activation of ecto-5'-
nucleotidase, adenosine formation, and A, receptor activation (Fig. 2, right
panel).

However, not all investigators record positive results. TAN and RATCLIFF
(1992) describe no change in renal erythropoietin mRNA levels in perfused
rat kidneys exposed to an adenosine receptor agonist. GLEITER et al. (1996,
1997a) report that neither theophylline nor dipyridamole modify the increase
in plasma erythropoietin levels induced by hemorrhage or hypobaric hypoxia
in humans. GLEITER et al. (1997b) also find no evidence in rats for modulation
of carbon monoxide-induced erythropoietin production by endogenous or
exogenous adenosine. Additional studies are required to clarify the current
controversy regarding the role of adenosine in the regulation of erythropoi-
etin production.

III. Renal Diseases Involving A, Receptors

1. Renal Ischemia/Reperfusion Injury

In animals subjected to 45min of ischemia foliowed by 48h of reperfusion,
serum creatinine and blood urea nitrogen levels are markedly elevated, exten-
sive tubular epithelial necrosis is present, vascular congestion in the outer
medulla occurs, and neutrophils infiltrate the injured kidney. These changes
are mostly abrogated by the activation of A, receptors (Okusa et al. 1998).
Thus, A, receptor agonists may have clinical utility to protect the kidneys
against ischemia/reperfusion injury.

2. Transplantation-Induced Erythrocytosis

Approximately 15% of renal-transplant recipients develop erythrocytosis and
A, receptors may be involved since adenosine stimulates erythropoietin pro-
duction via A, receptors (see above). Administration of theophylline, a non-
selective A, receptor antagonist, for eight weeks to renal-transplant recipients
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with erythrocytosis reduces erythropoietin levels, hematocrit and red cell mass,
and eliminates the need for weekly phlebotomy (Bakris et al. 1990). More
than 50% of patients may benefit from theophylline therapy (ILAN et al. 1994).
Additional clinical trials examining the effects of selective A, receptor antag-
onists on red cell mass in renal-transplant recipients with erythrocytosis are
warranted.

D. Renal P2 Receptors
I. Renal P2 Receptor Distribution and Signal Transduction

Autoradiographic studies in the rat kidney demonstrate [*H]c,-methylene
ATP, a P2X receptor agonist, binding to interlobular arteries and afferent
arterioles, but not to efferent arterioles (CHAN et al. 1998a). Of the seven
known P2X subtypes, only P2X, and P2X; bind ,-methylene ATP with high
affinity (RaLeviC and BurnsTock 1998), and P2X; receptors are found pre-
dominantly on sensory neurons (CHEN et al. 1995). Therefore, as a first approx-
imation, [*H] e, B-methylene ATP binding in the renal microcirculation can be
equated with P2X, receptor expression. Immunohistochemical studies with
antibodies to P2X,, P2X,, P2X;, P2X,, P2X;, P2X,, and P2X; receptors detect
expression of only P2X,, P2X,, and P2X, in the rat renal vasculature with local-
ization to the preglomerular microcirculation (CHAN et al. 1998b,c). In this
regard, P2X, receptors are dominant in the afferent arterioles, whereas P2X,
receptors are predominant in the interlobar, arcuate, and interlobular arter-
ies. Immunohistochemical experiments do not detect P2X, receptors in effer-
ent arterioles or tubules (CHAN et al. 1998b,c); however, such studies do detect
P2X; and P2X, receptor expression in the tubules with P2X; receptors local-
ized to the thick ascending limb, distal tubule and collecting ducts, whereas
P2X, receptors are present all along the tubule (CHAN et al. 1998d). Interest-
ingly,in rats made diabetic with streptozotocin, P2X; receptors can be detected
with immunohistochemistry in the renal microcirculation and glomeruli
(CHAN et al. 1998a). Also, Northern blot analysis detects P2X; receptor mRNA
in cultured rat mesangial cells (ScHULZE-LoHOFF et al. 1998). Since P2X; recep-
tors may function to induce cell lysis (RaLEvic and BurNsTock 1998), P2X,
receptors may be involved in the pathophysiology of diabetic nephropathy.
P2X receptors are ligand-gated ion channels (RALEviCc and BURNSTOCK
1998), and this mechanism most likely accounts for the renovascular effects of
activation of P2X receptors in the kidney. INscHo et al. (1995) find that the
initial and sustained renovascular effects of P2X receptor activation are dimin-
ished and abolished, respectively, by blockade of L-type (voltage-dependent)
calcium channels. Moreover, removal of extracellular calcium abolishes both
the initial and sustained renovascular effects of P2X receptor activation,
whereas depletion of intracellular calcium stores with thapsigargin does not
modify the renovascular response to P2X receptor activation. These data are
consistent with the conclusion that P2X receptor activation causes renovas-
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cular effects via influx of cations via P2X receptor-gated ion channels followed
by depolarization with activation of voltage-dependent calcium channels. This
inference is strongly supported by the observation that the increase in intra-
cellular calcium level induced by ATP in preglomerular vascular smooth
muscle cells is markedly attenuated by either blockade of voltage-dependent
calcium channels or removal of calcium from the extracellular compartment
(InscHo et al. 1999).

Scant information regarding renal P2Y receptor distribution is available
in the public domain. KisHORrE et al. (1998) report that P2Y, receptor mnRNA
is abundantly expressed in renal cortex, inner medulla, outer medulla, and
microdissected collecting ducts. Moreover, these same investigators find that
P2Y, protein (immunoblots and immunocytochemistry) is expressed in the
inner medulla, principal cells of the collecting duct (both basolateral and apical
aspects), thin ascending limb of Henle’s loop, and vascular structures of the
inner medulla (KisHORE et al. 1998). In many vascular beds, endothelial cells
express P2Y receptors linked to stimulation of constitutive nitric oxide syn-
thase (RaLevic and Burnstock 1998), and it appears that the renal vascular
bed is no exception (see below).

II. Renal Systems Regulated by P2 Receptors

1. Regulation of Renovascular Resistance

P2 receptors may importantly contribute to the regulation of the pre-
glomerular microcirculation (INnscHO et al. 1994; Navar et al. 1996). The
pharmacological evidence indicates that P2X and P2Y receptors co-exist in
the renal vasculature, with P2X receptors located on vascular smooth muscle
cells causing vasoconstriction and P2Y receptors residing on endothelial cells
causing indirect vasodilation by stimulating the release of NO. For instance, in
the dog, ATP infusions into the renal artery decrease renovascular resistance
(Tacawa and VANDER 1970; MaJip and Navar 1992). In contrast, in dog kidneys
pretreated with an NO synthase inhibitor, ATP induces renal vasoconstriction
(MaJip and Navar 1992). Although in perfused rat and rabbit kidneys ATP is
a renal vasoconstrictor (NEEDLEMAN et al. 1970; CHurcHILL and ELLis 1993a;
Varaas et al. 1996), 2-methylthio-ATP, a non-selective P2Y receptor agonist,
vasodilates the perfused rat kidney, whereas a,f-methylene-ATP, a selective
P2X receptor agonist, vasoconstricts this preparation (CHURCHILL and ELLIs
1993a). Importantly, NO synthase inhibition ablates the renal vasodilation
induced by 2-methylthio-ATP in the perfused rat kidney (CHURCHILL and
ELLis 1993a). In an extensive series of experiments in the perfused rat kidney
using P2 agonists, P2 antagonists, NO synthase inhibitors and removal of
endothelium, Errze and ULLricH (1996) confirm the hypothesis that smooth
muscle cell P2X receptors mediate renal vasoconstriction and endothelial cell
P2Y receptors induce renal vasodilation. The role of endothelial P2Y recep-
tors in mediating renal vasodilation is extended to rabbits and humans by the
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studies of Rump et al. (1996, 1998) in isolated renal artery segments. However,
Cox and Smrts (1996) report that, whereas marked renal vasoconstriction
follows intravenous infusions of the P2X agonist 3,methylene-ATP, renal
vasodilation is not induced by intravenous infusions of the P2Y agonist 2-
methylthio-ATP. Moreover, using the in vitro blood-perfused juxtamedullary
nephron technique, INsHco et al. (1998) find evidence for vasoconstrictor,
rather than vasodilator, P2Y, receptors in rat afferent arterioles. Therefore, the
functional significance of vasodilatory P2Y receptors in the renal microcircu-
lation depends strongly on the experimental model.

The renovascular effects of P2X receptor activation are restricted to the
preglomerular circulation. Using the in vitro blood-perfused juxtamedullary
nephron technique, INscHo et al. (1991, 1992) demonstrate that P2X receptor
agonists vasoconstrict arcuate and interlobular arteries and afferent, but not
efferent, arterioles. WEIHPRECHT et al. (1992) also report P2X receptor-induced
vasoconstriction of the isolated rabbit afferent arteriole preparation. Interest-
ingly, vasoconstriction of arcuate and interlobular arteries in response to P2X
receptor agonists is transient, whereas the vasoconstriction of afferent arteri-
oles is sustained (InscHo et al. 1992). It is likely that the different time course
of the response of preglomerular vascular elements to P2X agonists is due to
the fact that P2X, receptors predominate in afferent arterioles, whereas P2X,
receptors prevail in arcuate and interlobular arteries (CHAN et al. 1998b,c).

Studies by Inscho and coworkers (INscHO 1996; InscHO et al. 1996)
strongly indicate that P2X receptors in the afferent arteriole make an impor-
tant contribution to autoregulatory modulation of afferent arteriolar caliber.
In this regard, either desensitization of, saturation of, or blockade of P2 recep-
tors attenuates pressure-induced vasoconstriction of the afferent arteriole.

2. Regulation of Tubuloglomerular Feedback

MitcHELL and Navar (1993) found that saturating doses of either ATP or
B,rmethylene-ATP attenuate TGF changes in stop-flow pressure induced by
late proximal perfusion. These findings, along with the findings of Inscho
and coworkers that sustained P2X receptor-mediated renovascular vasocon-
striction is confined to the afferent arteriole, suggest that P2X receptors impor-
tantly mediate or modulate TGF.

3. Regulation of Renal Sympathetic Neurotransmission

In the rat kidney, renal vasoconstriction induced by low frequency nerve stim-
ulation is resistant to o-adrenoceptor blockade, yet is inhibited by .-
methylene ATP (Scawartz and MaLik 1989). These data suggest that ATP
serves as a co-transmitter in renal sympathetic nerves and contributes to sym-
pathetically-induced renal vasoconstriction by activating P2X receptors.
However, subsequent studies in the rat kidney demonstrate that the blockade
of renovascular responses to sympathetic nerve stimulation by a,-methylene
ATP is not due to desensitization of P2 receptors (SEHIC et al. 1994). Nonethe-
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less, studies by BoHMANN et al. (1997) demonstrate using a variety of phar-
macological approaches that co-released ATP acts on prejunctional P2 recep-
tors to inhibit neurotransmitter release. Parenthetically, P2X receptors in the
nucleus tractus solitarius appear to mediate inhibition of renal sympathetic
nerve activity (ScisLo et al. 1997). Additional studies are required to clarify
the role of ATP and P2 receptors in renal sympathetic neurotransmission.

4. Regulation of Tubular Transport

There is growing evidence that P2 receptors modulate tubular transport
(FriEDLANDER and AMIEL 1995). In MDCK cells, a cell line with distal pheno-
type, ATP increases short circuit current, the transepithelial potential dif-
ference, ionic conductance, potassium conductance, transepithelial chloride
transport, phosphatidylcholine hydrolysis via phospholipase C activation,
arachidonic acid release via phospholipase A, activation, cellular cyclic
AMP levels via increased prostaglandin production, and inositol phosphate
accumulation (SiMMons 1981; LaNG et al. 1988; PauLmicHL and LANG 1988;
FrIEDRICH et al. 1989; ZEGARRA-MORAN ¢t al. 1995; FIRESTEIN et al. 1996; Post
et al. 1996; YaNG et al. 1997). In A6 cells, another cell line with distal pheno-
type, P2 receptor agonists modulate Na™~K*-2CI” symport and cation conduc-
tance (MIDDLETON et al. 1993; Mori et al. 1996). Evidence in cultured
LLC-PK;, a cell line with mixed proximal/distal phenotype, also suggests that
P2 receptors cause release of intracellular calcium and activation of protein
kinase C activity (WEINBERG et al. 1989; ANDERSON et al. 1991). In microdis-
sected rat terminal medullary collecting ducts, ATP causes a rapid and sus-
tained increase in intracellular calcium (ECELBARGER et al. 1994). In addition,
in perfused rat terminal medullary collecting ducts, ATP inhibits vasopressin-
induced osmotic water permeability via a mechanism involving activation of
protein kinase C (KisHORE et al. 1995). Similarly, in perfused rabbit cortical
collecting tubules, ATP inhibits the hydrosmotic effects of vasopressin (RoUSE
et al. 1994). Also, ATP increases intracellular calcium in microdissected rat thin
limbs of Henle (BAILEY et al. 1998). Finally, Nanorr et al. (1990) report P2
receptor-mediated enhancement of inositol phosphate formation in rat renal
cortical slices.

Given the large array of P2 receptor subtypes and lack of adequately
selective agonists and antagonists, it is difficult to deduce precisely which P2
receptor subtypes are involved in a given cellular response. However, in most
of the studies cited in the previous paragraph, ATP and UTP elicit similar
effects with similar potency. Thus, it appears that P2Y receptors, most likely
P2Y, receptors, importantly modulate tubular transport, particularly in the
more distal reaches of the nephron. However, a P2X receptor in the proximal
tubule may inhibit sodium-dependent phosphate transport (LEDERER et al.
1995).

With regard to P2 receptors and renal excretory function, no doubt the
reader notes the lack of in vivo studies. Well designed studies in intact animals
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are needed to determine the net effects of P2 receptor agonists and antago-
nists on renal excretory function in the intact organism.

5. Regulation of Other Renal Systems

P2Y receptors stimulate renin release via increased production of NO
(CuaurcHILL and Eirvis 1993b) and activate the hydrolysis of polyphospho-
inositides in mesangial cells (PFEILSCHIFTER 1990a,b). P2 receptors stimulate
proliferation of mesangial cells (ScHuLZE-LoHOFF et al. 1992) and enhance
DNA synthesis in and proliferation of proximal tubular cells (Humes and
CiesLINSKI 1991; PALLER et al. 1998). The ability of ATP infusions to enhance
recovery from renal ischemia may be due to P2 receptor stimulation of
cellular proliferation (PALLER et al. 1998).

III. Renal Diseases Involving P2 Receptors

1. Renal Ischemia/Reperfusion Injury

Adenine nucleotides protect kidneys and isolated tubular segments from
ischemic/reperfusion injury (SiEGeL et al. 1980, 1983; Gaupio et al. 1982;
WEINBERG and HUMES 1986; TakaNo et al. 1985; STRoMsKI et al. 1986; MANDEL
et al. 1988). This effect may in part involve P2X receptor-mediated stimula-
tion of the proliferative repair process (PALLER et al. 1998). It is conceivable
that A,, receptor agonists combined with P2X receptor agonists would be
useful for treating renal ischemia since A, receptor agonists may limit the
initial cellular injury (see above) whereas P2 agonists may facilitate repair of
injury nephrons.

2. Glomerulopathies

Proliferation of mesangial cells and expansion of the mesangial cell matrix
makes an important contribution to the development of glomerular diseases
of various etiologies. In this regard, P2Y, receptors stimulate proliferation of
mesangial cells (ScHuLzE-LoHoFF et al. 1992; HUwWILER and PFEILSCHIFTER
1994) and P2X; receptors cause apoptosis and necrosis of mesangial cells
(ScuuLze-LoHorr et al. 1998). Therefore, antagonism of mesangial P2Y,
receptors and stimulation of mesangial P2X; receptors could prove beneficial
in the treatment of glomerulopathies.

E. Conclusion

Since the benchmark discovery by Drury and Szent-Gyorgyi in 1929 that
adenosine reduces renal blood flow and urine flow (DRrRURY and SZENT-
GyoraGyYI 1929), a vast amount of information has accumulated regarding the
physiological and pathophysiological roles of renal P1 receptors. There is little
doubt that in the near future this knowledge will finally pay off in the form of
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important new pharmacotherapeutic agents for renal diseases. Several highly
selective A, receptor antagonists are currently being tested in patients as
eukalemic diuretics in edematous states such as heart failure. Once these
agents are readily available, physicians doubtless will employ these drugs to
prevent radiocontrast media-induced ARF, as well as nephrotoxin-induced
AREF, and as combination therapy with loop diuretics and thiazide diuretics
to combat refractory edema and diuretic resistance. It is also possible that
adenomimetics, such as adenosine receptor agonists, adenosine deaminase
inhibitors, and/or adenosine kinase inhibitors, will be explored in clinical
studies to determine efficacy in such renal diseases as chronic renal failure and
renal ischemia/reperfusion injury.

The scope of discovery in the field of renal P2 receptor physiology and
pharmacology is much narrower than the span of discovery in the renal P1
receptor area. Nonetheless, several talented investigative groups are now
working in the renal P2 receptor area, and progress in the molecular biology
and medicinal chemistry of P2 receptors is accelerating. Thus, our current state
of ignorance regarding the physiology and pharmacology of renal P2 recep-
tors will soon end. Given the likely role of P2 receptors in the regulation of
preglomerular resistance, TGF, renal sympathetic neurotransmission, renin
release, and tubular transport, it is almost certain that drugs acting on renal
P2 receptors will find applications in renal diseases.
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CHAPTER 18
P2 Receptors in the Cardiovascular System

A.PeELLEG and G. VASSORT

A. Introduction

It is now well established that purine nucleotides play a complex regula-
tory role in the cardiovascular system (BoArRDER and HoOUraNT 1998). ATP
exerts multiple effects on endothelial cells, platelets, perivascular nerves,
vascular smooth muscle cells and cardiac myocytes (PEArRsON and GORDON
1989; BoARDER and Hourant 1998; PeLLEG and BELARDINELLI 1998;
ABBraccHIO and Burnstock 1998). Other chapters in this volume (JACKSON,
Chap. 17, this volume; WEGNER, Chap. 23, this volume) discuss P2 receptors
in the renal and respiratory systems as well as the endothelium and
platelets. This chapter focuses mainly on P2 receptors in cardiac and vascular
myocytes.

Drury and SzenT-GYORrGyI (1929) were first to show that extracellular
adenine nucleotides exert pronounced effects on the mammalian heart inde-
pendent of their pivotal role in cellular metabolism and energetics. Three
major effects were noted in that study: a negative chronotropic effect on sinus
node automaticity, a negative dromotropic effect on atrio-ventricular (AV)
nodal conduction, and lusitropic effect on the coronary vasculature (DRURY
and SzeNT-GYORGYI 1929). This important study had opened a new field of
research in which surprisingly little progress was made for several decades
until the observation of BERNE (1963) of the release of ATP into the extra-
cellular space of the hypoxic heart. BurnsTtock (1978) suggested that the
effects of adenosine and adenine nucleotides were mediated by cell surface
receptors, purinergic receptor, which he subdivided into P1 and P2, respec-
tively. P2 receptors were subsequently divided into two families: P2X and P2Y;
the former are ligand binding cationic channels whose signal transduction
pathways are cell membrane delimited and the latter are G protein coupled
receptors whose signal transduction pathways involve intracellular second
messengers (FREDHOLM et al. 1994). In recent years several different P2X and
P2Y receptor proteins have been cloned (NorTH and BARNARD 1997), thereby
transforming the original hypotheses of Burnstock from the realm of specu-
lative theory into that of physiological mechanisms.
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B. Sources of Extracellular ATP

ATP is released from: (i) ischemic cardiac myocytes (BERNE 1963; PADDLE and
Burnstock 1974; FOrRRESTER and WILLIAMS 1977; WILLIAMS and FORRESTER
1983; KuzmIN et al. 1998), (ii) activated platelets (MiLLs et al. 1968; Day and
HormseN 1971; HormseN 1985), (iii) nerve terminals as a co-transmitter
(HortoN 1959; RicHarDSON and BrowN 1987; Burnstock 1990), (iv) inflam-
matory cells (DiVirciLio et al. 1996), (v) erythrocytes (BERGFELD and
FoRRESTER 1992; ELLsWORTH et al. 1995; SPRAGUE et al. 1996), (vi) endothelial
cells (RaLEvIC et al. 1992; YANG et al. 1994; Bopin and BUrNsTOCK 1996), (vii)
smooth muscle cells (PEARSON and GorponN 1979; Katsuraai et al. 1991), and
(viii) exercising muscle cells (FORRESTER 1972; PARKINSON 1973), as well as elec-
trically driven atrial cells challenged by the cardiotonic agents isoproterenol
and forskolin (KATSURAGI et al. 1993).

There is strong evidence supporting the notion that ATP is a cotransmit-
ter in perivascular sympathetic nerves and that it plays a role in both local reg-
ulation of vascular tone as well as neurotransmitter release via a feedback
mechanism (RaLEvIC and BurnsTock 1991; VoN KUGLGEN and STARKE 1991;
SNEDDON et al. 1996). The latter is mediated by adenosine, the product of enzy-
matic degradation of ATP by ectonucleotidases (PEARSON et al. 1985; PELLEG
and BurnsTock 1990; KirkPATRICK and BURNSTOCK 1992; ZIMMERMANN 1996),
some of which can be co-released with ATP from nerve terminals (Toporov
et al. 1997). Thus, extracellular ATP can be released into the lumen of blood
vessels as well as the interstitial space where it activates P2 receptors located
on the surface of endothelial and smooth muscle cells and perivascular nerve
terminals. The net effect of extracellular ATP on vascular tone is dependent
on the relative contribution of ATP’s action at each of these three sites.

The mechanism by which ATP is transported across the cell membrane is
not fully understood. In recent years, the existence of an adenine nucleotide
binding cassette (ABC) family of proteins has been proposed (AL-AWQATI
1995). These proteins were suggested to be a regulatory component of an
ion-channel-regulator complex, such as the cystic fibrosis transmembrane
conductance regulator (CFTR) which acts as an ATP channel and enables
intracellular ATP to cross the cell membrane and stimulate cell surface recep-
tors (AL-AwQATI 1995; SCHWIEBERT et al. 1995; ABrRaHAM et al. 1993, 1997; Pasyk
and Foskerr 1997). However, whether the CFTR channel is permeable to
ATP has been the subject of some controversy (GRYGORCzYK et al. 1996;
GryGorczyk and HaNrRAHAN 1997).

C. Effects of ATP on Vascular Tone

Numerous studies have indicated that ATP and related purine nucleotides can
either contract or relax blood vessels. There is evidence that the relaxation is
mediated by an endothelium-dependent mechanism (DEMEY and VANHOUTTE
1981; DEMEY et al. 1982), while the contraction is mediated by a direct action
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on smooth muscle cells (KENNEDY et al. 1985; WHITE et al. 1985). However, at
least in the case of the rabbit portal vein, ATP can cause vasodilation by a
direct action on smooth muscle cells (RALEviC and BurnsTtock 1991). Extra-
cellular ATP is rapidly degraded to adenosine (PearsoN and GorboN 1989)
which is a potent vasodilator in different vascular beds (BERNE et al. 1983).
Thus, if the endothelial function is intact, luminal ATP would cause vasodila-
tion due to either its own action on endothelial cells or adenosine’s action on
endothelial and smooth muscle cells. In contrast, interstitial ATP can cause
either contraction or relaxation of vascular smooth muscle cells (RaLEvIC and
Burnstock 1991).

It is now agreed that the vasodilatory action of ATP is mediated by P2Y
receptors on endothelial cells and the ATP-induced contraction of smooth
muscle cells is mediated by P2X receptors (RALEVIC and BUrNsTOCK 1991).
However, it has recently been shown that ATP-induced contraction could be
mediated by both P2X and P2Y receptors (see below). The mechanism of
endothelium-dependent vasodilatory action of ATP is discussed elsewhere
in this volume as well as previous reviews (BURNsSTOCK 1990; RALEviC and
BurnsTock 1991; BoarDER and HoURANI 1998). The direct effects of ATP on
smooth muscle cells are discussed below.

D. P2 Receptor-Mediated Signal Transduction in
Smooth Muscle Cells

Extracellular ATP evoked a depolarizing transient inward current in smooth
muscle cells of the rabbit ear artery (Suzuxki 1985). Using isolated single
smooth muscle cells from this artery, it was found that this current resulted
from an ATP-activated channel that is cation selective, but one which allows
both monovalent and divalent cations to pass across the cell membrane
(BENHAM et al. 1987). The channel manifested 3:1 selectivity for Ca** over Na*
at near physiological concentrations and a unitary conductance of ~5pS in
110mmol/l Ca or Ba** (BENHAM and TsiEN 1987). Its biophysical and phar-
macological properties are different from voltage-gated L- or T-type Ca*
channels (BENHAM and Tsien 1987). The Ca®* influx through this activated
channel depolarizes the cell, thereby activating the voltage dependent chan-
nels which enhances Ca®* influx (BENHAM 1989). Similar observations were
made in cultured rat (Tawapa et al. 1987) and pig (DrROOGMANS et al. 1991)
aortic smooth muscle cells. In the latter preparation, the release of calcium
from intracellular stores induced by ATP, activated a CI” current which con-
tributed to the depolarization of the cell membrane (DROOGMANS et al. 1991)
as well as a K* current (Von DER WEID et al. 1993). Similar activation of a CI”
current by ATP was observed in smooth muscle cells of the rat portal vein
(KarasHiMA and Takata 1979; X10NG et al. 1991).

The mechanism of the ATP-induced Ca* influx, inward current, and
elevation of intracellular Ca’* could be complex. Ca* influx could result from
either activation of ligand binding channels, subsequent activation of voltage-
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dependent channels, release of Ca* from internal stores (sarcoplasmic
reticulum (SR)) via either inositol 1,4,5-trisphosphate (IP;)- or Ca**-sensitive
channels, and activation of Ca*-dependent channels and combination of all
of these factors. Thus, both P2X and P2Y receptors could be involved in the
modulation of intracellular Ca** level ([Ca*];) by ATP with P2X as the ligand
binding Ca* channels and P2Y as mediators of ATP-induced formation of
IP; and subsequent release of Ca** from internal stores (GErwiINs and FRED-
HoLM 1992). In rat aortic smooth muscle strips evidence was obtained for the
P2X- and P2Y-mediated Ca** influx and P2Y-mediated Ca* release from inter-
nal stores (KitasMa et al. 1994). Similarly, in rat pulmonary artery myocytes,
extracellular ATP induced Ca®* influx and [Ca®"]; oscillations by activating
P2X and P2Y receptors, respectively (GUIBERT et al. 1996). In contrast, the P2X
agonist, a,f-methylene ATP, was ineffective in cultured rat aortic smooth
muscle cells (VoNn pEr WEID et al. 1993). Also, in single smooth muscle
cells isolated from rat portal vein, ATP released Ca* from intracellular stores
without involvement of (Pacaup et al. 1994) or with minor involvement of
IP3 (Pacaup and LoiranD 1995). More recently, McLAREN et al., (1998)
have shown that the ATP-induced contraction of the rat isolated tail artery
is mediated by both P2X;-receptors as well as G protein-coupled P2Y
receptors.

In cultured human coronary artery smooth muscle cells, extracellular
ATP activated inward current carried by CI” and an outward current carried
by K* (STr@BAK et al. 1996). Both currents were independent of external Ca*
but dependent on [Ca®], and «,f-methylene ATP, the P2X agonist, failed
to activate these currents (STRgB&ZK et al. 1996). It seems that there is a
phenotypic modulation of vascular myocytes in culture associated with
changes in the expression and/or function of P2 receptor subtypes (Pacaup et
al. 1995).

The lack of selective and specific P2 receptor antagonists has resulted in
an over reliance on the rank order of agonist potency in determining the
subtype of P2 receptor responsible for a given action of ATP. However, it has
been shown that the rank order of agonist potency at the P2X receptor which
mediates contraction of rat isolated tail artery is very different from the
potency order for evoking the inward current initiating this contraction
(Evans and KENNEDY 1994). This discrepancy was explained by the relative
absence of breakdown of some of the agonists in the single cell preparation
used for the electrophysiological study vs the multicellular arterial ring prepa-
ration used for the contraction study (Evans and KENNEDY 1994).

A recent study has indicated that both P2X, and P2X; receptors expressed
in myocytes of human saphenous vein mediate the contractile effect of extra-
cellular ATP (Cario-ToUMANIANTZ et al. 1998). Since P2X; mediates the for-
mation of cell membrane pores permeable to large molecules and thereby the
cytotoxic effects of ATP, it has been hypothesized that these receptors in
human saphenous vein could be mechanistically involved in smooth cell lysis
in the media of varicose veins (Cario-TOUMANIANTZ et al. 1998). However,
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further studies are required to determine the physiological role of P2Xj signal
transduction in vascular smooth muscle cells.

E. ATP and the Vasculature: Concluding Remark

ATP, an important local regulator of vascular tone, is released into the lumen
of blood vessels as well as in the adventitia from endothelial and red blood
cells and platelets and perivascular nerves, respectively. It can activate differ-
ent subtypes of P2-purinergic receptors located on the surface of different cell
types, including endothelial and smooth muscle cells as well as sensory nerve
endings. In addition, extracellular ATP is degraded by ecto-enzymes to adeno-
sine that can activate P1-purinergic receptor which are also located on these
cells. Thus the net effect of extracellular ATP on vascular tone depends on the
outcome of several signal transduction pathways triggered by ATP as well as
adenosine which could be simultaneously operative. Figure 1 is a schematic
diagram illustrating the main sites of actions of extracellular ATP and adeno-
sine which are known to mediate the modulatory effects of these compounds
on vascular tone.

F. ATP Modulates Transmembrane Ionic Currents in
Cardiac Myocytes

Numerous studies using different experimental models have established the
modulatory role of extracellular ATP on ionic currents in cardiac myocytes.
These effects of ATP, mediated by P2-purinergic receptor, are summarized in
Fig. 2 and discussed in detail below.

I. Ca** Currents

Two decades ago Gorto et al. (1977) reported that extracellular ATP and ADP
enhance calcium inward current (Ic,) and Ic,-dependent phasic tension in
muscle bundles isolated from the right atrium of the bullfrog. In a subsequent
study, the same group determined that the action of ATP on I, and tension
does not require the hydrolysis of ATP and is probably mediated by a recep-
tor located at the outer surface of the affected cell membrane (YATaNI et al.
1978). This followed the primary observation that ATP is able, like isopre-
naline, to induce slow action potentials in K*-depolarized guinea pig hearts
(ScHNEIDER and SPERELAKIS 1975).

A more detailed study under whole-cell patch-clamp demonstrated that
the extracellular application of micromolar ATP increases the L-type Ca**
current (Ic,) in mammalian cells isolated from rat ventricular myocardium
(Scamps et al. 1990, 1992; Scamps and Vassort 1990, 1994a; CHRISTIE et al. 1992)
(Fig. 3). ATPyS exerts a similar effect, but adenosine is much less effective
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Fig.1. Schematic diagram illustrating the main receptor subtypes for purine and pyrim-
idines present in most blood vessels. Perivascular nerves in the adventitia release ATP
as a cotransmitter: ATP, released with noradrenaline (NA) and neuropeptide Y (NPY)
from sympathetic nerves, activates P2X;-purinoceptor of smooth muscle resulting in
vasoconstriction; ATP, released with calcitonin gene-related peptide (CGRP) and sub-
stance P (SP) from sensory nerves whenever the axon reflex is elicited, activates P2Y-
purinoceptors of smooth muscle cells resulting in vasodilation. A;-adenosine receptors
(i.e., P1-purinoceptors) on nerve terminals of sympathetic and sensory nerves mediate
the modulation of transmitter release by adenosine, the product of ATP enzymatic
degradation. P2X,;-purinoceptors on a subpopulation of sensory nerve terminals
mediate nociception. Aj-adenosine receptors on vascular smooth muscle cells mediate
vasodilation. ATP and UTP released from endothelial cells during shear stress and
hypoxia activate P2Y; and P2Y, and P2Y, receptors, respectively, resulting in the pro-
duction of nitric oxide and vasodilation. ATP is also released from activated platelets;
the latter express ADP-selective purinoceptors (“P2T”) while immune cells of various
types express P2X; receptors (Py-purinoceptors). (Taken with permission from
ABBRACCHIO and BURNSTOCK 1998)
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Fig.2. Schematic presentation of transmembrane ionic currents regulated by extra-
cellular ATP. G, and Gy, are G proteins which mediate stimulation and inhibition of
adenylyl cyclase, respectively. Ixrp, non-selective cationic current; Iy,, sodium current;
Ic.r and I, are T- and L-type calcium currents, respectively; 1o, chloride current; Ixqe,
delayed outwardly rectifying potassium current; I,,, inward rectifying K* current
activated by acetylcholine and adenosine; and Ixarp, ATP-sensitive potassium current.
Ixacn and Igare stimulation is mediated by a Gy, and a G protein, respectively. + and
— denote stimulatory or inhibitory effects
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Fig.3. Schematic outline of signal transduction pathways which mediate the action of
extracellular ATP on intracellular Ca* level (Ca?"). On the left, activation of the P2X-
purinoceptors induces opening of a non-selective cationic channel and thus influx of
Ca® ions, among other cations, that constitute Iyrp. The L-type Ca®" current, I, is con-
trolled positively by a G, protein probably directly coupled to the channel protein(s)
and negatively by a pertussis toxin-sensitive G; protein. On the right, the activation of
another P2-purinergic receptor leads to the phosphorylation and translocation to the
sarcolemma of PLCy which mediates the production of inositol trisphophate (IP;). IP,
facilitates or even induces Ca® release by the sarcoplasmic reticulum (SR) in addition
to the well established Ca**-induced Ca**-release in cardiac myocytes
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and GTP, UTP, CTP, and ITP are without effect (Scampes et al. 1990). ATP is
unable to alter Ca® current density after it has been enhanced by cholera
toxin. Thus, activation of P2-purinergic receptors leads to an increase
of Ca® current via the activation of cholera toxin-sensitive G, protein
(Scamps et al. 1992). Similarly, ATP increases the transient, high-threshold
Ca current (I¢,r) in frog atrial cells via a pathway that does not involve
phosphorylation (ALvarez and VassorT 1992). In single cells isolated from
frog ventricle, ATP (1 umol/l) increases I, by up to twofold; at higher ATP
concentrations the increase in I¢, is smaller and at 100 umol/l, ATP reduces
this current (ALvAREZ et al. 1990). The ATP-induced increase in Ca® current
is prevented by perturbations which block either signal transduction
pathways involving the activation of phospholipase C (PLC) or its activity
(ALvarez et al. 1990). These data were interpreted to suggest that ATP-
induced increase in Ca* current in frog ventricular myocytes is mediated by
P2-purinergic receptors and phosphoinositide turnover (ALVAREZ et al.
1990).

In contrast to its positive effect in rat ventricular myocytes and in guinea
pig and rabbit atrial myocytes (HiraNo et al. 1991), extracellular ATP inhibits
Ica in a time- and concentration-manner dependent in isolated ferret ven-
tricular myocytes (Qu et al. 1993). This effect of ATP is independent of adeno-
sine receptors (P1) but involves ATP binding to P2Y receptors and the
activation of pertussis toxin (PTX) insensitive G protein (Qu et al. 1993).
Similar observations were obtained in hamster heart cells (VoN ZUR MUHLEN
et al. 1997). An ATP-induced inhibition, involving neither the P1- nor the
P2-purinoceptors, was also reported in guinea pig sinoatrial node cells (Q1
et al. 1996; Q1 and Kwan 1996). Similarly, ATP-inhibitory effects were
observed after full activation of I,; by GTPyS applied intracellularly (Scamps
et al. 1992).

II. Na™ Current

In addition to its effects on I, extracellular ATP affects the inward Na*
current (Iy,). Under whole-cell patch-clamp, extracellular ATP in the micro-
molar range causes a leftward shift in both activation and availability
characteristics of Iy, in rat single cardiac ventricular myocytes (Scamps and
Vassort 1994a), similar to its effect on I, (Scampes et al. 1992). At hyperpo-
larized potentials, Iy, could be slightly increased due to the shift in activation,
whereas at cell resting and depolarized potentials, Iy, is decreased because of
reduced availability (Scamps and Vassort 1994a). ATP)S and ¢,B-methylene
ATP exert similar effects but UTP, B,methylene ATP, ADP, and adenosine
are without effect. The shifts observed upon application of extracellular ATP
are not affected by cholera toxin treatment suggesting that a G, protein
and cyclic AMP are not involved in this phenomenon (Scamps and VASSORT
1994).
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III. CI" Current

Extracellular ATP (5-50umol/l) activates an outwardly rectifying, time-
dependent Clcurrent, I, in single guinea-pig atrial myocytes; ADP, AMP, and
adenosine also activates I, (MATSUURA and EHARA 1992). A CI™ current is acti-
vated by extracellular ATP (0.5-100umol/l) also in single rat ventricular
myocytes (MATSUURA and EHara 1992). This current is blocked by the
chloride channel blocker, 4,4N-diisothiocyanatostilbene-2,2N-disulfonic acid
(DIDS), and is not activated by either AMP or adenosine. The differential
action of adenosine on I, activated by extracellular ATP in atrial and ven-
tricular myocytes could reflect different CI” channels in these cells or species
variability. Neither the purinergic receptor subtype, nor the signal transduc-
tion pathway mediating the action of ATP on I, is known. However, it has
been reported that genistein at 100umol/l, but not daidzein, activates the
cardiac chloride conductance (SHUBA et al. 1996). This effect is antagonized by
Na;VO,, an inhibitor of phosphotyrosine phosphatase. Comparison of I acti-
vated by genistein and by forskolin led the authors to suggest that genistein
activates the cAMP-dependent CFTR channel. It has been proposed that acti-
vation of the CI” current at the resting potential could lead to intracellular CI”
depletion which can lead to the activation of the HCO;7/CI” exchanger and
subsequent intracellular acidification (KANEDA et al. 1994). Indeed, similar
potency and efficacy of ATP was noted for intracellular acidification (PUCEAT
et al. 1991) and activation of CI” current (KANEDA et al. 1994). The physiolog-
ical importance of ATP enhancement of CI” current has not been determined.
However, the activation of CI” current, whose reversal potential is around
-35mV, is potentially arrhythmogenic because such current could depolarize
the membrane potential and shortens action potential plateau. It should
also be mentioned that attenuation of isoprenaline-induced CI” current in
guinea-pig ventricular myocytes after ATP application has been reported
(RANKIN et al. 1990; Pucgéat and Vassort 1996). However, a direct activation
of the CI7THCO;™ exchanger by ATP and the involvement of tyrosine kinase
pathways have recently been demonstrated (Pucfar et al. 1998; also see
below).

IV. K* Currents

A number of K* channels are present in cardiac myocytes that determine the
shape of the action potential and frequency of contractions. Several observa-
tions have indicated that extracellular ATP regulates most of these channels.
FriEL and Bean (1988) reported that extracellular ATP activates two differ-
ent ionic conductances in bullfrog atrial cells; one transient, non specific for
cations and depolarizing, and the other sustained, probably carrying K* ions,
and manifesting an inwardly current-voltage relation. Adenosine, AMP, ADP,
ITP, and UTP were completely ineffective in activating either conductance. In
a subsequent study it was found that extracellular ATP but not adenosine, acti-
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vates an inwardly rectifying K* channel in calf atrial myocytes (FRIEL and BEAN
1990). This channel is nearly identical to the one activated by acetylcholine in
these cells; the conductance of the channel activated by ATP and acetylcholine
is 30pS and 31 pS, respectively (FrIEL and BEaN 1990). Also, extracellular ATP
and adenosine activate kinetically similar K* channels in one- and two-day-
old rat atrial myocytes (i.e., single channel conductance and mean open time
of 32.0 £ 0.2pS and 0.5 + 0.1 ms, respectively, vs 31.3 £ 0.3pS and 0.9 = 0.1 ms,
respectively) (Fu et al. 1995). The muscarinic cholinergic receptor and the A;-
adenosine receptor are known to be directly coupled to a K* channel (K" acn ado
channel) via a PTX-sensitive Gk protein. In guinea-pig atrial cells extracellu-
lar ATP shortens the action potential (MATSUURA et al. 1996a). This effect is
mediated by a P,-purinergic receptor directly coupled to K'apad channel
through a PTX-sensitive Gg protein, analogous to the activation of the
channel by either acetylcholine or adenosine (MATSUURA et al. 1996a). In
another recent study on isolated guinea-pig atrial myocytes, extracellular ATP
(10 umol/1) transiently activates Ik ac ad0; hOWever, when this current had been
preactivated with either carbochol or adenosine, ATP produced a transient
increase followed by a sustained decrease of the current (HARA and Nakavya
1997). These data were interpreted (Hara and Nakava 1997) as a possible
explanation for the biphasic inotropic effect (i.e., rapid negative followed by
slow positive inotropic effect) of extracellular ATP in rat atrial preparation
(FroLDI et al. 1994).

It was also reported that ATP activates the delayed rectifier K* current
(Iks), which is slowly activated during the action potential plateau and facili-
tates repolarization, and whose deactivation contributes to depolarization of
pacemaker cells (MATSUURA et al. 1996; Marsuura and EHara 1997). ATP-
activated K* currents are also seen in rat ventricular myocytes. First, ATP in
the micromolar range increases the inward rectifying current I ach ado- In addi-
tion, ATP activates a delayed outward K* current that requires the presence
of 100nmol/l intracellular Ca*. The latter effect of ATP is mimicked by the
application of arachidonic acid and blocked by AACOCF;, a phospholipase
A, inhibitor as well as by inhibition of the cyclic AMP pathway (AIMOND
et al. 1998).

Another type of K* channel, the intracellular ATP-sensitive channel (K' srp
channel), which is inhibited by intracellular ATP (Noma 1983), is also regu-
lated by extracellular ATP (Fig.4). The K xrp channel consists of a weak inward
rectifier subunit Kir 6.2, plus a member of the adenine nucleotide binding cas-
sette (ABC) superfamily, SUR2 (INAGAKI et al. 1996). K™ arp channel activation
during acute ischemia/hypoxia has been shown to exert a protective effect on
the heart (Grover et al. 1990; Gross and AucHampacH 1992). Studies in
cardiac myocytes in vitro have suggested that the activation of A;-adenosine
receptors could result in the activation of K*xrp channels (Kirsch et al. 1990;
Ito et al. 1992). However, at least in the hypoxic guinea-pig heart in vivo,
endogenous adenosine failed to activate K'arp channels (Xu et al. 1994).
Recent studies have shown that extracellular ATP enhances the current flow
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Fig.4. Schematic description of signal transduction pathways which have been sug-
gested to mediate the activation of ATP-sensitive K* current by extracellular ATP in
cardiac myocytes. The P2Y-purinoceptor is linked to adenylyl cyclase (AC, isoform V)
via G, protein. Its activation can reduce the local intracellular level of ATP and thereby
lead to the activation of the ATP-sensitive K* channel which is blocked by sulfonylurea
(SUR) derivatives. This effect, like that of B-adrenergic stimulation, can contribute to
the shortening of the action potential and energy saving during local myocardial
hypoxia

through this channel (Ix orp) Once it has been partially activated under condi-
tions of metabolic stress (i.e., 100 umol/l of intracellular ATP) (BAaBENKo and
Vassort 1997a); the enhancement of Ig orp by extracellular ATP is inhibited
by cholera toxin as well as by inhibition of adenylate cyclase (BaBENKO and
Vassort 1997a). Thus, it has been suggested that the mechanism of this effect
is the Gydependent activation of adenylate cyclase which causes increased
cyclic AMP production and thereby reduced levels of intracellular ATP
(BaBenko and Vassort 1997a). Several analogs of ATP, ie., o,f-mATP,
2 methyl-S ATP and ATPyS, exert a similar effect to that of ATP, while UTP
and ADP have a relatively small effect and AMP and adenosine have no effect
(BaBENKO and Vassort 1997b).

V. Non-Specific Cationic Current

A rapid, desensitizing inward current activated by ATP in the micromolar
range was initially reported in frog atrial cells (FRIEL and BEAN 1988). A similar
current was found in ventricular rat (Scamps and Vassort 1990) and guinea-
pig cardiac myocytes (PARKER and Scarpa 1995). It could not be attributed to
a CI” channel but rather to a non-selective cation channel with a reversal
potential near 0mV, an inwardly rectifying current/voltage relation, and a low
unitary conductance. The external application of ATP at 0.5mmol/l or above
consistently activates a weak time-independent weak inward rectifying current
in rabbit sino-atrial node cells (SHopa et al. 1997). The channel is nearly
equally permeable to K*, Na*, or Cs*, and only five times less to tris and
N-methyl-p-glucamine. Adenosine, ADP and non-hydrolyzable ATP analogs
failed to activate this current.
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These currents should be attributed to the activation of P2X-
purinoceptors whose precise subtypes remain to be defined.

G. ATP Signal Transduction in Cardiac Myocytes
I. Intracellular Ca** and pH

In quiescent or stimulated cells, the extracellular application of ATP causes an
increase in [Ca®'];. The increase in [Ca”']; results both from the stimulation of
the Ca® currents and from a larger Ca®* release from the SR since caffeine
and ryanodine markedly reduce it (DANZIGER et al. 1988; HiraNo et al. 1991;
DE YOUNG and Scarpa 1989; Pucgar et al. 1991a; CHRISTIE et al. 1992). More-
over, the ATP-induced formation of IP; might have some influence on the
SR-Ca™ release (see below). Furthermore, ATP directly gates a nonselective
cationic channel (FrieL and BEaN 1988; BJORNSSON et al. 1989; ZHENG et al.
1993) through which a significant Ca** influx could also occur. Other hypoth-
esized mechanisms include phosphorylation of an extracellular protein leading
to activation of a novel ion channel (CHRISTIE et al. 1992), as well as ATP-
induced acidosis (PUCEAT et al. 1991) leading to both the depolarizing effect
and the increase in [Ca*]; (Scamps and Vassort 1990).

Purinergic receptor stimulation activates the three major pH-regulating
systems, the Na'/H" antiporter, the Na"/HCO;™ symporter and the CI/HCO;
exchanger. Intracellular alkalinization is prevented by amiloride derivatives
and is attributable in most part to an activation of the Na*/H* antiport (PUCEAT
et al. 1993a). Under experimental acid load, ATP also activates an amiloride-
insensitive HCO; -dependent alkalinizing mechanism (TErzic et al. 1992). The
signal transduction pathways have not been clearly established in both cases.

The most remarkable pH effect of a sudden application of ATP is a large
(0.4pH unit) and transient (1 min) acidosis that requires CI” ions in the extra-
cellular milieu attributed to the activation of the anionic CI/HCO5™ exchanger
(Puctar et al. 1991b) (Fig. 5). The activation of the exchanger, is associated
with a band-3 like protein phosphorylation on a tyrosine site (PUCEAT et al.
1993a, 1998). More recent work has shown that isolated cardiomyocytes
express both an AE, and AE; isoform. ATP induces tyrosine phosphorylation
of AE, while acidosis still occurs in cell in which AE; expression was blocked.
More precisely ATP activates the tyrosine kinase Fyn and association of both
Fyn and FAK with AE,. Tyrosine kinase inhibitors and microinjection of either
anti-Cst.1 antibody or recombinant CSK, both of which prevent activation of
Src kinases, significantly depressed the ATP-induced activation of the anion
exchanger (PUCEAT et al. 1998Db).

II. Inositol Trisphosphate, Cyclic AMP and Cyclic GMP

The effects of ATP on second messengers such as cyclic AMP (cAMP), cyclic
GMP (cGMP), and IP; have been investigated not only in whole heart tissues
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Fig.5. Schematic description of the signal transduction pathways suggested to mediate
the activation of the AFE,; isoform of the CITHCO; exchanger after stimulation of
a P2-purinoceptor. The phosphorylation of tyrosine kinase FAK allows the docking
of another tyrosine kinasc of the SVC family, I'yn, to induce phosphorylation of
the exchanger protein (PUCEAT et al. 1998). In parallel, this signal transduction cascade
activates PLCyto produce IP3 (see Fig. 3 in PUCEAT and VAssorT 1996)

but also, in the most recent studies, in isolated cardiomyocytes. ATP acceler-
ates phosphatidylinositol turnover, as assessed by IP; formation in rat ventri-
cles (LEGSsYER et al. 1988) and isolated fetal mouse cardiomyocytes (YAMADA
et al. 1992). This pathway is not sensitive to PTX. In rat ventricular car-
diomyocytes, ATP activates phospholipase Cy leading to IP; production by a
pathway that involves a tyrosine kinase (Pucfar and Vassort 1996) (Fig. 3).
Simultaneously, diacylglycerol (DAG) is produced from phosphoinositide
hydrolysis that should lead to activation of protein kinase C (PKC). Direct
evidence in favor of an ATP-induced increase in PKC activity had been
obtained. ATP triggers redistribution from cytosol to the membrane of both
& and 6-PKC, two Ca**-insensitive PKC isoforms expressed in neonatal and
adult cardiac cells. PKC also induces the phosphorylation of myristoylated
alanine-rich C-kinase substrate (MARCKS) and the expression of c-fos in
neonatal cells, two events known to be mediated by the kinase. These obser-
vations are of physiological relevance with regard to the likely specific role of
PKC isoforms in cardiac function (Puciar et al. 1994).

Whether or not ATP modulates intracellular cAMP has long been
controversial. ZHENG et al. (1992) and Scawmps et al. (1992) observed that ATP
does not affect basal cCAMP level in rat ventricular cardiomyocytes, but it facil-
itates the isoproterenol-induced increase in cAMP (ZHENG et al. 1992). In
cardiomyocytes isolated from fetal mice, basal cAMP levels are not changed
by ATP, which, however, partially antagonizes the effect of isoproterenol
(YamaDA et al. 1992). While reinvestigating the effects of purinergic agonists
on rat ventricular cardiomyocytes, it was found that stimulation with ATPyS
in the presence of the phosphodiesterase inhibitor isobutylmethylxanthine
(IBMX) increases the cAMP level twofold; at lower basal levels, a fourfold
stimulation was observed (PUCEAT et al. 1998a). The effect of ATP on cAMP
production was poorly potentiated by forskolin and was additive to that of
submaximal concentrations of isoproterenol. The ATP-induced activation of
adenylate cyclase is mediated by a 45-kDa G, protein, similar to that observed
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with isoproterenol stimulation. A paracrine effect involving PLA, activation
and the formation of prostaglandins was excluded. Both ATP and isopro-
terenol increase cAMP in HEK 293 cells expressing type V adenylate cyclase
while cAMP was only increased by f-adrenergic receptor stimulation of HEK
expressing type IV and type VI adenylate cyclases. Thus in rat cardiomyocytes,
purinergic and B-adrenergic stimulations differentially activate various cyclase
isoforms; adenylate-cyclase V is the specific target of the purinergic stimula-
tion (PUCEAT et al. 1998b).

ATP, in the presence of IBMX, also increases basal cGMP content of iso-
lated cardiomyocytes (Scamps et al. 1992). Other reports indicate that ATP
activates arachidonic acid metabolism in both whole heart and isolated cardiac
myocytes (DaMroN and Bonp 1993). These observations could be related to
the ATP-induced increase in cGMP content since arachidonic acid has been
reported to activate soluble guanylate cyclase.

The increases in either cAMP or IP; have not yet been related to puriner-
gic receptor subtypes in cardiac cells. A candidate would be the recently
cloned P2Y, that is coupled to the stimulation of both phosphoinositide and
adenylate cyclase pathways, although it has not been detected by Northern
blot analysis in the heart (Communi et al. 1997). In other cells, ATP increases
cAMP preferentially through P2Y, in MDCK cells relative to P2Y, and P2Y,
(Posrt et al. 1998). Most P2Y receptors found in cardiac tissues (i.e., P2Y,, P2Y,,
P2Y,, and P2Y,) are assumed to be coupled to PLCS. The purinoreceptor
subtype activating the tyrosine kinase cascade is unknown. However, it was
previously shown (PuUcgar et al. 1991) that the ATP-induced acidosis requires
the presence of Mg ions, a characteristic that is not generally observed with
cloned purinoceptors.

H. Other General Effects of ATP in Cardiac Cells
I. Glucose Transport Inhibition

Besides increases in plasma membrane conductances for cations and anions,
cytosolic Ca* and H' concentrations, rate of phosphoinositide hydrolysis and
cyclic GMP and AMP production and force of contraction, ATP markedly
inhibits glucose transport (FiscHer et al. 1998). ATP decreases the amount of
glucose transporters in the plasma membrane with a concomitant increase in
intracellular microsomal membranes. P2X purinergic receptors are not
involved since a drastic reduction in extracellular Na* or Ca® ions does not
alter this effect of ATP. The rank order potency of P, receptor agonists: ATP
> 212ATPyS > 2-methyl-S ATP > ADP > ¢,f-methylene ATP does not match
that of any known P2Y receptor subtype. Inhibition of transmembrane glucose
transport was specific since ATP did not inhibit the rate of glycolysis or the
rate of pyruvate decarboxylation. Nevertheless the physiological significance
of this inhibitory effect of ATP on glucose transport is unclear.
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II. Agonist-Induced Internalization of Purinergic Receptor

In the face of persistent stimulation, the response of most receptors fades
away. The process of receptor desensitization is one of the many forms of the
G protein coupled receptor regulation that has received much attention.
Desensitization occurs generally via feedback regulation by the second
messenger-stimulated kinases PKA or PKC that the Gs- and Gg-coupled
receptors activate, respectively, which was first reported for the f,-adrenergic
receptor (Bouvier et al. 1988). This phosphorylation is followed by B-arrestin
binding as a crucial step in internalization of most heptahelical receptors
(FErGUSON et al. 1996; LErkowrrz 1998).

Our knowledge of the turnover sequence activation/desensitization of
the purinergic receptor is rather limited. The tagging of P2Y, receptor at its
aminoterminus with a hemagglutinin epitope sequence reveals that the recep-
tor undergoes agonist-promoted movement to an intracellular compartment.
However, this internalization does not establish any functional consequence
and is not required for agonist-induced desensitization (SROMEK and HARDEN
1998).

I. Pathophysiological Effects of ATP in the Heart
I. Chronotropic and Arrhythmogenic Effects

In their seminal work, DRURY and SzZENT-GYORGYI (1929) reported a negative
chronotropic effect of purines. Following studies suggested that ATP had dose-
dependent effects; small doses producing tachycardia and relatively larger
doses of ATP slowing the heart and inducing atrio-ventricular (AV) nodal con-
duction block (STONER et al. 1948; HoLLANDER and WEBB 1957). However,
these effects might be the result of the degradation of ATP to adenosine
(BERNE 1963) and the action of the latter on sino-atrial (SAN) and AV nodes
(PELLEG et al. 1985). This was the case during administration of ATP into the
sinus node blood supply (i.e., intracoronary) in dogs, in which model the
negative chronotropic action of ATP was attenuated by theophylline, a non-
selective adenosine receptor blocker (Barzu et al. 1985; PELLEG et al. 1987).
On the other hand, ATP caused cardiac acceleration in 40% of the rabbit
hearts using the Langendorff perfusion method (Takikawa et al. 1990). This
effect of ATP was not antagonized by either theophylline or PTX pretreat-
ment, but was almost completely blocked by apamin, neomycin and
indomethacin (TAakikawa et al. 1990). Based on these data it was concluded
that the positive chronotropic effect of ATP was mediated by P2-purinergic
receptors coupled to prostaglandins synthesis via a PTX-insensitive pathway
involving the stimulation of PLC (Takikawa et al. 1990). It should be noted
here that the negative chronotropic action of ATP is independent of
prostaglandins (PELLEG et al. 1986). These observations indicate that negative
chronotropy is, in part, due to P1-purinergic activation by ATP or rather by
its degradation product, adenosine (Xu et al. 1993). In isolated ventricular
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myocytes of the guinea-pig, ATP alone did not exert any significant electro-
physiological effect. However, when it was applied with compounds known to
increase [Ca”];, ATP facilitated the induction of afterdepolarizations and trig-
gered activity in ~60% of the cells (SOoNG and BELARDINELLI 1994). In the pres-
ence of isoproterenol, ATP increased the amplitude of the transient inward
current (I;), delayed afterdepolarizations (DADs), and I¢,. In the presence of
either BayK 8644 or quinidine, ATP further prolonged the action potential
duration and also increased the amplitude of early afterdepolarizations
(EADs) (SonG and BELARDINELLI 1994). These findings extend earlier obser-
vations regarding the interaction between the effects of catecholamines and
ATP on I, (DE Younc and Scarpa 1987; ZHENG et al. 1992) and support the
hypothesis that the release of ATP into the extracellular space under patho-
physiologic conditions could be arrhythmogenic (Scamps and Vassort 1990;
KuzMin et al. 1998).

It is difficult to anticipate the direct effect of ATP on sinus node rhythm.
On the one hand, extracellular ATP can activate a time-independent, weakly
inwardly rectifying current, which is non-selective for monovalent cations
(SHoDA et al. 1997). This current was not activated by either ADP, AMP, or
adenosine, suggesting that the action of ATP is mediated by P2-purinergic
receptors. On the other hand, in contrast to its effect on rat and guinea-pig
ventricular myocytes, extracellular ATP inhibits, in a concentration-dependent
manner, Ic, in guinea-pig single sinoatrial nodal (SAN) cells (SonGg and
BELARDINELLI 1994). The rank order of potency of ATP and related com-
pounds in inhibiting I, in SAN cells was: ATP = o,fmATP >> 2meSATP >
ATPyS >>UTP = AUP > AMP > adenosine (Q1 and Kwan 1996). This potency
order has not been reported with regard to previously identified P2-
purinergic receptor subtypes, suggesting mediation by a novel receptor of
ATP’s action. However, interpretation of a given rank order potency of ATP
and its analogs should be done with great caution because of the documented
high variability of ecto-nucleotidase activity among different tissues. In view
of the critical role of I¢, in the genesis of the action potential in SAN cells, it
was proposed that extracellular ATP may play an important role in the regu-
lation of heart rate (Q1 and Kwan 1996). It is even more difficult to extrapo-
late data obtained in vitro (Takikawa et al. 1990; Q1 and KwanN 1996) to the
human heart in vivo. However, it should be noted that numerous studies in
cats, dogs, and human subjects have indicated that, at least in these species,
extracellular ATP exerts a negative chronotropic action on cardiac pace-
makers which is mediated in part by the vagus nerve in addition to the action
of adenosine (BELHASSEN and PELLEG 1984; PELLEG 1987; PELLEG et al. 1996).
The vagal effect is due to a cardio-cardiac depressor reflex elicited by the
action of ATP on vagal afferent nerve terminals in the left ventricle
(KatcHANoOV et al. 1996) similar to its action on pulmonary vagal afferent ter-
minals (PELLEG and Hurt 1996). In both organs (i.e., heart and lungs) the trig-
gering of the vagal reflex by ATP is mediated by P2X receptors (PELLEG and
Hurt 1996; KatcHANOV et al. 1997).
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The above-mentioned studies strongly suggest that extracellular ATP can
directly affect ionic currents in sino-atrial cells. However, to what extent this
action reflects a physiological role of extracellular ATP in the regulation of
SAN automaticity, remains to be determined.

ATP shows positive chronotropic effects in cultured adult guinea pig
myocytes that could be greatly enhanced in the presence of cardiac neurones
that also possess P2-purinergic receptors (Horackova 1994). ATP increased
contractile rate in intrinsic cardiac neurone-myocyte co-culture by 40% under
control conditions and much more (100%) after blockade of fB-adrenergic
receptors by tetrodotoxin. In contrast, ATP induced much smaller effects in
non-innervated myocyte cultures (26%). In isolated rat ventricular myocytes,
the sudden application of ATP at micromolar concentration induces cell depo-
larization and triggers automaticity (Scamps and Vassort 1990). A similar
ATP-triggered automaticity in rat papillary muscles requires the uncaging of
ATP by UV-light flash (G. Vassort, unpublished) while the application of ATP
by changing the bath solution was without significant effect.

II. Hypertrophy

Hormones and mechanical stretch can induce cardiac growth. Extracel-
lularly applied ATP constitutes a stimulus sufficient to induce changes in
the pattern of expression of immediate-early genes such as c-fos and
jun-B that is mediated by a Ca*-dependent pathway in neonatal rat ventric-
ular myocytes (PUCEAT et al. 1994; ZHENG et al. 1994). Similarly, extracellular
ATP inhibited norepinephrine-stimulated growth of neonatal rat cardiac
fibroblasts and activated c-fos gene expression in these cells (ZHENG et al.
1996). These effects were probably mediated by P2Y receptors (ZHENG et al.
1998).

However, ATP does not induce cell hypertrophy. Such an observation
should be compared to the increase in expression of atrial natriuretic factor
(ANF) and myosin light chain-2 (MLC,) genes as well as cell hypertrophy
by noradrenaline and angiotensin II. Similarly, it is thought that the mitogen-
activated protein kinase (MAPK) plays a central role in the regulation of
cell growth. However, ATP, like phenylephrine, carbachol and endothelin,
activates the two p42 and p44 isoforms of MAPK; however, like carbachol,
ATP neither transactivates cardiac-specific promoter/luciferase reporter genes,
nor increases ANF expression (Post et al. 1996). These studies furthermore
suggest that activation of c-fos, jun-B, PKC, and MAPK are not sufficient by
themselves to stimulate hypertrophy, and that ATP also activates an inhibitory
pathway, as suggested by the fact that it prevents phenylephrine-induced
hypertrophy (ZHENG et al. 1996).

The purinergic receptor subtypes that lead to MAPK activation in
cardiac cells are unknown. They could be multiple and complex. Thus, in PC12
cells, MAPK activation is either by the G protein coupled P2Y, receptor
(SortoFF et al. 1998) or following Ca* influx through the P2X, receptors
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and the involvement of the Ca*-activated tyrosine kinase, PYK, (SWANSON
et al. 1998).

J. ATP and the Heart: Concluding Remarks

Adenosine has long been the focus of most studies concerning the effects of
purines in the cardiovascular system. Adenosine is a ubiquitous biological
compound released into the extracellular space by cells when oxygen supply
does not meet oxygen demand or as a degradation product of ATP by ectoen-
zymes. At low concentrations, ATP by itself induces quite variable effects on
the cardiac tissues that involve both inotropic and chronotropic effects.
Positive inotropy is seen in all cardiac tissues including atria after the P1-
purinergic negative inotropic effects are inhibited by P1-antagonists or PTX
pretreatment (Scamps et al. 1990; LEGSsYER et al. 1988; MANTELLI et al. 1993).
This is also true in human atria and ventricular tissues (ALVAREZ and V ASSORT,
unpublished). In these studies positive inotropy was mostly attributed to the
increase in I, following P2Y-purinergic receptor activation. In a more recent
work positive inotropic effects of ATP and UTP in rat and guinea-pig cardiac
tissues was rather attributed to P2X activation (FroLbI et al. 1997).

As discussed earlier, it is at present difficult to ascribe a given effect of
ATP to a given receptor subtype and signal transduction pathway.

The P2Xs-receptor was cloned from a rat heart DNA library, with an
abundantly expressed mRNA (Garcia-GuzmMan et al. 1996). An hP2X; clone
was also isolated from a heart cDNA library and RNA transcripts detected in
human heart by RT-PCR analysis (GARCIA-GuzMAN et al. 1997). Using RT-
PCR the expression of P2Y, P2Y,, P2Y,, and P2Y, receptor transcripts in the
whole heart, neonatal cardiac fibroblasts, and myocytes and adult cardiac
myocytes was reported (WEBB et al. 1996). In neonatal rat whole heart, all
receptor sequences could be amplified with P2Y, being the most abundant.
However, using the same procedure in adult rat myocytes P2Y, could not be
detected, suggesting some changes in purinergic receptor expression during
development.

In a recent study in human fetal heart, P2X;, P2X;, and P2X,, as well as
P2Y,, P2Y,, and P2Y purinergic receptors have been identified using degen-
erated oligonucleotides (BoGpanov et al. 1998). Indeed, very little is known
about expression in cardiomyocytes per se. The need of antibodies added to
the long-need of more specific and well-characterized agonists and antago-
nists. Moreover there might be major differences between species since, for
example, the reexpression of the human and rat P2X, as well as P2X, gave dif-
ferent agonist/antagonist profiles (BoGpaNov et al. 1998; CHESSELL et al. 1997;
WEBB et al. 1998). Nevertheless, the diversity in response to agonists and antag-
onists produced by the functionally expressed receptors are new findings that
should help characterize the complex behavior of the cardiac tissues under
purinergic stimulation, and development of reagents that might prove to have
therapeutic value in various cardiac diseases.
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CHAPTER 19
Roles of Purines and Pyrimidines
in Endothelium

V. RaLEvIC

A. Introduction

Purine nucleotides and nucleosides were shown in 1929 to have potent effects
on the heart and vasculature, in the first indication that these agents can act
as extracellular signalling molecules in the cardiovascular system (DRURY and
SzenT-GYORGE 1929). The seminal discovery by FUurRcHGOTT and ZAWADZKI
(1980) that many vasodilators require the presence of an intact endothelium
to mediate vascular relaxation paved the way for the identification and char-
acterisation of receptors for purines and pyrimidines on the endothelium. In
common with a number of other endogenous vasodilators, ADP and ATP were
shown to act at receptors on endothelial cells to mediate vasodilatation via
the release of an endothelium-derived relaxing factor (EDRF) (De Mey and
VanHOUTTE 1981), subsequently identified as nitric oxide (NO) (FURCHGOTT et
al. 1987; IGNARRO et al. 1987). Purine (ADP and ATP) and pyrimidine (UDP
and UTP) nucleotides can also elicit the release of prostacyclin (GorpoN 1986)
and endothelium-derived hyperpolarising factor (EDHF) (MaLmsIO et al.
1998) from endothelial cells. The vasodilator response to adenosine has also
been shown to be mediated, at least in part, via receptors on the endothelium
in some blood vessels.

Given the significance of these findings with respect to our understanding
of circulatory physiology, it is not surprising that the literature on the actions
of purines and pyrimidines in endothelium is dominated by studies elaborat-
ing their effects as mediators of endothelium-dependent vasodilatation and
role in the regulation of blood flow. Partly as a consequence of the intense
interest in this field, we now have a reasonably clear idea of the molecular and
pharmacological profile of the different subtypes of P1 and P2 receptors that
are expressed on endothelial cells, and of their signalling pathways. Vasodi-
latation, however, is just one of several effects that can be mediated by
endothelial P1 and P2 receptors. The present chapter will consider in addition
the accumulating evidence that purines and pyrimidines, acting via endothe-
lial P1 and P2 receptors, also have other important biological roles including
the regulation of angiogenesis, modulation of microvascular permeability, and
modulation of inflammation.
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B. Subtypes of Purine and Pyrimidine Receptors
Expressed on Endothelial Cells

Receptors for purines and pyrimidines are divided into two main families
known as P1 and P2 receptors. Their subclassification is reviewed compre-
hensively in other chapters in this book and is only briefly considered here. P1
receptors are activated by adenosine; four subclasses of the P1 receptor, all of
which couple to G proteins, have been identified (A;, Aya, Asp and A;). P2
receptors are activated by ATP, ADP, UTP and UDP, and are divided into two
main families of P2X receptors, which are ligand-gated cation channels, and G
protein-coupled P2Y receptors (ABBRaccHIO and BURNSTOCK 1994; FREDHOLM
et al. 1994). Seven mammalian P2X receptors and six P2Y receptors have
been cloned and characterised to date (see RaLevic and BurnsTtock 1998).
Receptors belonging to both the P1 and P2 receptor families are expressed
on endothelial cells, although there is considerable selectivity in the subtypes
that are expressed. All couple to G proteins; ionotropic P2X receptors do not
appear to be expressed by endothelial cells.

Both A,, and A, receptors are expressed by the endothelium. Evidence
for this comes largely from studies that have defined the pharmacological
profile of receptors mediating endothelium-dependent vasodilatation to
adenosine in various blood vessels in vitro. A, receptors on endothelial cells
in culture have also been reported (ScHIELE and SCHWABE 1994; SOBREVIA
et al. 1997). Evidence implicating the A, receptor on endothelium is strong,
primarily because of the availability and use of potent and highly selective
agonists and antagonists. In contrast, the lack of high affinity selective agonists
and antagonists for the A, receptor means that the evidence for endothelial
Ap receptors is largely indirect. Human aortic endothelial cells have been
shown to express the mRNA of both A, and A, receptors (Iwamoto et al.
1994), but the levels of expression of the two receptors is unclear. In most
blood vessels, the indication from functional studies is that there is preferen-
tial expression of either A, or Aug receptors on the endothelium, which is dif-
ferent in various types of blood vessels and between species (see Sect.C). The
study of ITwamorto et al. (1994), however, raises the possibility that both A;4
and A, receptors are expressed by the vascular endothelium, but that depend-
ing on the tissue the level of one or other of the subtypes is low. A, and A;
receptors are not generally expressed by the endothelium.

The principal types of P2 receptors expressed by endothelial cells are P2Y
receptors activated preferentially by ADP (ATP and UTP are weak or inac-
tive), known as P2Y; receptors (formerly P,y receptors), and those activated
equipotently by ATP and UTP, known as P2Y, receptors (formerly P, recep-
tors). It should be noted, however, that mRNAs for P2Y, P2Y,, P2Y, and P2Y,
receptors have been demonstrated in endothelial cells (JIN et al. 1998). As
these receptors are commonly activated by ADP, ATP and/or UTP the iden-
tity of many endothelial P2Y receptors reported to date, for which a complete
agonist potency profile has not been established, is indeterminate. Diadeno-
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sine polyphosphates are endogenous signalling molecules that can act at P2Y
receptors (SCHLUTER et al. 1994; RALEvIC et al. 1995), and as they are more
resistant to hydrolysis than ATP, ADP and UTP, they may have more far-
reaching effects in the vasculature. P2Y, and P2Y, receptors have notably dif-
ferent pharmacological profiles, which has proved useful in their characteri-
sation: 2MeSATP is a potent ligand at the P2Y,, but not the P2Y, receptor;
the P2Y, receptor is generally more sensitive than the P2Y, receptor to the
P2 receptor antagonists suramin and pyridoxalphosphate-6-azophenyl-2’,4’-
disulfonic acid (PPADS) (WILKINSON et al. 1994; BovEr et al. 1996; RaLEvIC
and BurnsTtock 1996a; HANSMANN et al. 1997). A uridine nucleotide-specific
receptor, activated by UTP, but not by ATP or ADP, which coexists with P2Y,
and P2Y, receptors, has been identified on guinea-pig cardiac endothelial cells
(YanG et al. 1996). Sensitivity to pertussis toxin and mediation of an increase
in intracellular Ca® suggests that this receptor belongs to the family of G
protein-coupled P2Y receptors.

Studies of single endothelial cells in culture have shown that coexpression
of P2Y - and P2Y,-like receptors occurs at the level of single endothelial cells
(DucHEeNE and Takepa 1997). The markedly different sensitivities of the two
receptors to activation by endogenous purines and pyrimidines indicates that
through their specific activation of P2Y, and P2Y, receptors, ADP, ATP and
UTP may have distinct biological roles in endothelium, as well as elsewhere.
It is intriguing that the P2Y, receptor is activated, equipotently, by both ATP
and UTP; studies to identify the causal relationship between endogenously
released ATP and UTP and activation of the P2Y, receptor are needed to
resolve the physiological significance of this.

P1 and P2 receptors are also coexpressed by the endothelium. As ATP is
rapidly metabolised to ADP and adenosine in biological tissues, complex
response profiles to ATP at the endothelium may be generated, involving prin-
cipally actions of ATP at P2Y, receptors, ADP at P2Y, receptors and adeno-
sine at A, receptors. This signalling cascade is more likely to alter the temporal
profile of the endothelial response than its amplitude as synergistic interac-
tions between these endothelial receptors does not generally occur.

C. Heterogeneity of Purine and Pyrimidine Receptor
Expression on Endothelium

There is considerable heterogeneity in the number and types of receptors for
purines and pyrimidines expressed on endothelial cells between blood vessels
and species. The functional expression of A,4 and A,z receptors by endothe-
lium, for instance, differs widely; A,s receptors account for adenosine-
mediated endothelium-dependent vasodilatation in rat aorta (ConTI et al.
1993; LEwis et al. 1994; MonopoLI et al. 1994; PRenTICE and HoURANT 1996)
and porcine coronary artery (ABEBE et al. 1994), whereas A,p receptors appear
to be more significant as mediators of endothelium-dependent vasodilatation
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in rabbit corpus cavernosum (CHIANG et al. 1994) and rat renal artery (MARTIN
and Portts 1994). Adenosine releases NO from endothelial cells cultured from
porcine carotid artery, but not from human saphenous vein (L1 et al. 1995),
although whether this is because of a difference in the expression of adeno-
sine receptors by the arterial and venous endothelial cells, or due to differ-
ences in their ability to generate NO, is unknown. The differential expression
of A, and A, receptors by the endothelium between blood vessels has impli-
cations for their sensitivity to adenosine, as A, receptors have a high affinity
for adenosine, binding in the nanomolar level, and A receptors a low affin-
ity, requiring micromolar concentrations of adenosine for activation.

Heterogeneity of receptor expression has also been described for
endothelial P2 receptors. Radioligand binding studies have shown that rat
brain capillary cell B10 cells express a single type of P2 receptor, namely the
P2Y,, and not the P2Y, receptor (WEBB et al. 1996). Only 17% of cells from
an immortalised rat brain microvascular endothelial cell line (RBE4) were
shown to express P2Y, receptors, i.e. were activated by 2MeSATP to cause
elevation of intracellular [Ca*], whereas all of the cells express P2Y, recep-
tors, as evidenced by their responsiveness to ATP and UTP (NoBLEs et al.
1995). Purinergic responses of the RBE4 cells were shown to be quantitatively
and qualitatively similar to those of primary cultured rat brain endothelial cells
(NoBLEs et al. 1995), which is important as there may be considerable plastic-
ity of purine receptor expression by endothelial cells in culture (MartEo et al.
1996; ALBERT et al. 1997). For example, P2Y;-like receptors, but not P2Y,-like
receptors, in bovine adrenomedullary endothelial cells are lost in culture with
the first passage of the cells (MATEO et al. 1996).

Pharmacological studies have shown that,in the golden hamster mesenteric
arterial bed, whereas ATP and UTP mediate potent vasodilatation via endothe-
lial P2Y, receptors, ADP and 2MeSATP are weak or inactive, indicating a lack
of endothelial P2Y, receptors (RaLEvic and BurnsTock 1996b) (Fig. 1). A lack
of responsiveness to ADP of the mouse mesenteric arterial bed similarly indi-

>

Fig.1a,b. Species difference in vasodilator responsiveness of hamster and rat mesen-
teric arterial beds to 2-methylthio ATP (2MeSATP) at endothelial P2Y, receptors.
a Hamster mesenteric arterial bed. Left: Representative trace showing dose-dependent
vasodilator responses to ATP (0.005-500nmol) and UTP (0.005-500nmol) at P2Y,
receptors in a preparation with tone raised with methoxamine (15umol/l). 2MeSATP
(0.005-50nmol) had no vasodilator effect in this preparation, and at the highest dose
elicited vasoconstriction. In other preparations, 2MeSATP gave weak vasodilator
responses. Righr: Vasodilator responses in preparations with tone raised with methox-
amine (10-80 umol/l) to: ATP (0.005-500nmol, n = 18); UTP (0.005-500nmol, n = 16);
2MeSATP (0.005-50nmol, n = 16) and ADP (0.005-500nmol, n = 5). At the highest
dose of 2MeSATP vasoconstriction and no vasodilatation was typically observed. b Rat
mesenteric arterial bed. Left: Representative trace of preparation with tone raised
with methoxamine (20 umol/l), where 2MeSATP (0.0005-5nmol) is more potent as a
vasodilator at P2Y, receptors than ATP (0.005-5nmol) and UTP (0.5-500nmol) at
P2Y, receptors. Right: Vasodilator dose-response curves to 2MeSATP (n = 8), ADP (n
=8), ATP (n="7) and UTP (n = 8). (Modified from RaLEvic and BurNsTOCK 1996a,b)
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cates an absence of endothelial P2Y, receptors (BErTHIAUME et al. 1997).
In contrast, in the rat mesenteric arterial bed, endothelial P2Y, receptors
mediate more potent vasodilatation than do P2Y, receptors (RALEvic and
Burnstock 1996b) (Fig. 1). The physiological significance of heterogeneous
expression of P2Y receptors on endothelium remains to be determined.

D. Signalling of Purine and Pyrimidine
Receptors on Endothelium

Purine and pyrimidine receptor signalling are dealt with by LorRENZEN and
Scuwage (Chap. 2, first volume) and CHESSeLL (Chap.3, first volume) and
BoArDER (Chap. 4, first volume) and are only briefly considered here. P1 recep-
tors mediate a number of signalling responses via coupling to different types
of G proteins. A,, and A, receptors couple to G, proteins to increase adeny-
late cyclase activity. A,p receptors may additionally couple to G, proteins,
although this has not been shown for the endothelial receptors. Studies of
endothelial cells in culture have shown an elevation of cAMP levels following
activation of A, receptors (DEs RosiErs and NEES 1987; WATANABE et al. 1992;
ScHIELE and SCHWABE 1994; STaANIMIROVIC et al. 1994), and a decrease in cAMP
levels via A, receptors (STANIMIROVIC et al. 1994). Endothelial cells in culture
generate NO when exposed to adenosine (L1 et al. 1995), and inhibitors of
nitric oxide synthase (NOS) have been shown to antagonise endothelium-
dependent vasodilatation mediated via A,, and A, receptors in some vascu-
lar preparations (ViaLs and Burnstock 1993; MArTIN and Potrs 1994;
STEINHORN et al. 1994), implying a role for NO. The mechanism whereby acti-
vation of A, receptors stimulates NO production is unclear.

In some blood vessels, adenosine and its analogues have been shown to
cause endothelial cell membrane hyperpolarisation. It has been suggested that,
in the heart, this may be propagated to the smooth muscle cells by electro-
tonic coupling and that current flow through myoendothelial gap junctions
mediates vasodilatation. Another possible mechanism is cAMP activation
of protein kinase A, which activates K*ap channels in smooth muscle. The
generation of EDHF is also a possibility. Membrane hyperpolarisation by
adenosine has been shown in cultured bovine aortic (MEHRKE et al. 1991; SEiss-
GEUDER et al. 1992) and guinea-pig endocardial (MANABE et al. 1995) endothe-
lial cells, and by adenosine and CGS 21680, an A,4 selective agonist, in human
umbilical vein endothelial cells (SOBREVIA et al. 1997). Adenosine and NECA
cause hyperpolarisation of the smooth muscle of porcine coronary artery that
is at least partly endothelium-dependent and involves activation of K*arp chan-
nels (OLANREWAJU et al. 1997). Adenosine does not affect the resting mem-
brane potential of bovine aortic (MEHRKE et al. 1991) and human coronary
(ZunkLER et al. 1995) endothelial cells.

The main signal transduction pathway for both P2Y; and P2Y, receptors
is activation of PLC via coupling with G, (P2Y, and P2Y,) and G;, (P2Y>) pro-
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teins. Subsequent IP; and diacylglycerol (DAG) formation and Ca** mobilisa-
tion can lead to activation of a variety of signalling pathways. Elevation of
intracellular Ca** stimulates NOS and leads to NO formation. This occurs in
response to activation of P2Y, and P2Y, receptors on the endothelium of most,
if not all, blood vessels. The main physiological target of DAG is activation of
protein kinase C (PKC), which may subsequently cause tyrosine phosphory-
lation of mitogen-activated protein kinases (MAPK). Both P2Y; and P2Y,
receptors are linked, albeit differentially, to tyrosine phosphorylation of
MAPK, and activation of this pathway is a requirement for stimulation of
endothelial prostacyclin (PGI,) production (BowDEN et al. 1995; PaTeL et al.
1996; ALBERT et al. 1997). P2Y, and P2Y, receptors show a differential sensi-
tivity to pharmacological manipulations of PKC; the P2Y, receptor is gener-
ally less sensitive, indicating that PKC provides greater inhibitory feedback
control of P2Y; receptor signalling (Purkiss et al. 1994; Communi et al. 1995;
CHEN et al. 1996). Albeit subtle, these differences in intracellular signalling
lend support to the concept of distinct biological roles of P2Y, and P2Y, recep-
tors. Endothelial cell hyperpolarisation and potassium channel activation by
P2Y receptors has been described (IkeucHr and NisHizakl 1995; MANABE
et al. 1995). EDHF generation in response to activation of endothelial P2Y,
and P2Y, receptors has been shown in rat carotid and mesenteric arteries
(MarLMsi0 et al. 1998).

P2Y; receptor-mediated inhibition of adenylate cyclase has been
described in a clonal population of rat brain capillary endothelial cells (B10
cells) and may be due to different G protein coupling of the P2Y, receptor
(WEBB et al. 1996).

E. Endogenous Sources of Purines and Pyrimidines

A consideration of the endogenous sources and stimuli for the release of
purines and pyrimidines is essential for an understanding of their specific
roles at receptors on the vascular endothelium. Purines and pyrimidines
are metabolised rapidly by ectonucleotidases (ZIMMERMANN, Chap. 8, first
volume). Thus their accumulation to biologically active concentrations at
the endothelial cell surface depends on local release, which may be from
endothelium, erythrocytes, platelets and adrenal chromaffin cells.

Many biological tissues, including endothelial cells (MEININGER et al.
1988), release adenosine during hypoxic conditions. An increase in pCO, or
the addition of thrombin to the culture medium evoke the release of adeno-
sine from guinea-pig coronary endothelial cells (KraTZER et al. 1996). The
endothelium is also a source of ATP and UTP, which can be released by
hypoxia, shear stress and vasoactive agents (MILNER et al. 1990; Bopin et al.
1992; RALEVIC et al. 1992; YANG et al. 1994; SAIAG et al. 1995; SHINOZUKA et al.
1997), or by injury in pathophysiological conditions. ATP and UTP may act on
P2 receptors on endothelial cells adjacent to, or downstream from, the site of
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nucleotide release to elicit local vasodilatation and an increase in blood flow.
In addition, they may release further ATP, and presumably UTP, in an
autocrine feedback loop via actions on endothelial P2Y receptors (YANG et al.
1994). ATP and UTP are rapidly broken down to ADP and UDP respectively,
and ADP is further degraded to adenosine; thus, multiple endothelial P1 and
P2 receptors may be activated in a complex signalling cascade.

Erythrocytes are sources of ATP, and of ADP and adenosine follow-
ing metabolic degradation of ATP (FORRESTER 1990; ELLswoORTH et al. 1995).
It has been shown that ATP is released from erythrocytes when these cells
are exposed to a low pO, or low-pH environment (ELLSWORTH et al. 1995).
Thus, erythrocytes may act as sensors of oxygen demand and regulators
of blood supply via the release of ATP and its interaction with specific
endothelial purine receptors, leading to vasodilatation and an increase in
blood flow.

Endogenous vasoactive agents including NA and ATP can induce the
release of ATP, and presumably other purines and pyrimidines, from smooth
muscles, but apparently not significantly in blood vessels (HasHIMoTO et al.
1997). ATP, ADP, UTP and the diadenosine polyphosphates are also released
from activated platelets during aggregation, but this process occurs when there
is damage to the function or integrity of the endothelium and may be more
relevant to activation of P2 receptors on the underlying smooth muscle cells,
leading to vasoconstriction or vasosp