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ABSTRACT
Adenosine is a modulator that is involved in a large nurnber of physiological
processes in peripheral nerves, tissues and in the CNS. Adenosine levels are regulated by
the intracellular and extracellular adenosine metabolizing enzymes as well as two main
classes of nucleoside transporters, sodium-dependent and sodium-independent, which
cataiyze the movement of nucleosides across biological membranes. Once formed,
adenosine can act on ce11 surface adenosine receptors. These studies were performed to
(1) determine whether sodium-dependent transporters cm function in the release of

nucleosides during conditions that disturb metabolic or ionic homeostasis; (2) determine
whether nucleoside release by sodium-independent (es) transpoRers can be differentially
regulated by adenosine receptor stimulation; and (3) charactenze the inhibitory effects of
propentofylline on CAMPphosphodiesterase, adenosine transporters and three adenosine
receptor types. Using mouse leukemia L 1210miIA27.1 cells which possess only sodiumdependent nucleoside transporters, we found that disruption of the sodium-gradient with
ouabain, a Na-/K-ATPase inhibitor or monensin, a sodium ionophore, caused release of
the poorly metabolized nucleoside analogue [3H-jformycinB. These results suggest that
adenosine may be released by sodium-dependent transporters, in addition to sodiumindependent (es) transporters, during conditions such as ischemia that depress sodium
gradients. To determine whether the release of nucleosides through es transporters and
activation of adenosine receptors can affect fùrther nucleoside release, we used DDT, MF2 smooth muscle cells which possess adenosine Al and A2 receptors as well as es

transporters. We found that Ai and A2 stimulation by agonists cyclohexyladenosine

(CHA) and N-ethylcarboxamidoadenosine (NECA), respectively, did not modie
[3HJformycinB release fkom DDTl MF-2 smooth muscle cells. The effect of the
nucleoside transport inhibitor, propentofyhe, on adenosine receptor activation was
examined in three Chinese hamster ovary (CHO) ce11 lines which had been transfected with
Al, Ah, or Azbreceptors as well as a luciferase reporter gene under control of several

copies of the CAMP response element. At high concentrations (2 1 mM), propentofylline
stirnulated luciferase activity, likely by inhibiting CAMPphosphodiesterase activity.
Propentofylline also caused significant inhibition of adenosine accumulation, with ICso
values of approxirnately O. 1 mM in al1 three ce11 types. Inhibition of receptors, stimulated
with the agonist NECA, was evident for Al and Ab receptors, and was of statistical
significance for Ab receptors. For receptors stimulated with adenosine this inhibition was
reduced, indicating that the effects of propentoQ1line to inhibit adenosine uptake
counteracts its effects to inhibit receptor activation. Whether these mechanisms contribute
to the neuroprctective effects of propentofjdline remain to be examined. These snidies
characterized several of the roles that specific transporters may play in regulating
adenosine levels, and thus, the receptor-mediated effects of adenosine.

LIST OF FIGURES
Chapter 1.
Figure 1.

Cellular metabolism, uptake and release of adenosine.............................. .3

Chapter 2.
Figure 1.

Cellular accumulation of [3~formycin
B in L 1210MA27.1 cells............ .4 1

Figure 2.

Effect of extracellular Na' concentration on [3~formycin
B uptake by

L 121O/MA27.1 cells..............................................................................
Figure 3.

-42

Effect of extracellular Na' concentration on release of [3~formycin
B
from L1210iMA27.1 cells....................................................................... 45

Figure 4.

Effed of Na- concentration on release of [3~formycin
B from

L 121OMA27.1 celIs..............................................................................
Figure 5

-46

Effect of ouabain, monensin, or iodoacetic acid on release of
['~]formycinB from L 121O/MA27.1 cells............................................. -47

Figure 6.

Effect of iodoacetic acid on release of [3~]adenosine
from
L 1210/MA27.1cells..............................................................................

-50

Chapter 3.
Figure 1 .

Release of [3wformycinB from DDT1 MF-2 smooth muscle cells
in the presence of 10 plbi NBMPR, 30 pM CHA, 30 pM NECA at
4"C, 22°C or 37OC................................................................................

Figure 2.

-66

Release of [ 3 ~ f o m y c iBn in buffer alone or buffer with 10 pM

CGS 2 1680 at O°C, 22OC or 37°C.........................................................

-67

Figure 3.

Release of ['~formycinB in the presence of buffer alone or buffer
containhg 30 pM C m 10 pM DPCPX, or 10 @f DPCPX and
30 pM CHA...........................................................................................

Figure 4.

Figure 5

Concentration-dependent inhibition of [ 3 ~ f o r m y c iBn release by
CHA at 22°C or 37°C.........................................................................

..69

Concentration-dependent inhibition of site-specific [

F

.

3

~

~

M

.

binding by CHA.....................................................................................
Figure 6.

68

~

-70

['~]~orm~B
c irelease
n
in the presence of buffer aione, 300 nM

C m 10 pM DPCPX, 300 n M CHA and 10 pM DPCPX.. .................... .71
Chapter 4.
Figure 1.

Concentration-dependent stimulation of luciferase activity by
propentofylline in CHO cells transfeaed with Al receptors (A), Ah
receptors @),or AZbreceptors (C).........................................................

Figure 2.

.84

Effect of propentofylline on agonist-mediated changes in luciferase
activity for cells expressing Al receptors (A), Ah receptors (B),
or A2b receptors (C)........................................................................... . . 3 6

Figure 3.

Concentration-dependent effects of adenosine on luciferase activity
in cells expressing Ai receptors (A), AÎ, receptors (B), or A2b
receptors (C). ........................................................................................

Figure 4.

-88

Effect of propentofylline on adenosine-mediated changes in
luciferase activity following activation of Ai(A), Ah (B), or
A2b (C)receptors by adenosine............................................................ .90

vii

Figure 5.

Effect of the Ah selective agonist CGS 2 1680 on luciferase activity
in cells expressing Ab (A), or Am (B) receptors.................................... .92

Figure 6.

Effect propento@lline on [3~adenosinetransport in cells
transfected with Ai (A), AB (B),or AZb(C) receptors............................ 93

Figure 7.

Effect of propentofjdline on [3~adenosineaccumulation, during
30 min, in cells transfected with Al (A), Ab (B) or AZb(C)

receptors..............................................................................................

.95

LIST OF TABLES

.

Chapter 1
Table 1 .

Functional properties o f nucleoside transporter subtypes........................ -20

Table 2.

Tissue distribution of sodium-dependent nucleoside transporters............. 2 1

Chapter 2

.

Table 1.

Effects of nucleoside transport inhibitors on release of [ ' ~ ] f o m ~ c iBn....5 1

Table 2 .

Effects o f the nucleosides adenosine and uridine on release o f

formycin B ...................................................................................

- 53

8-PT
ADAC

adenosine amine congener

AD0

adenosine

ADP

adenosine 5'-diphosphate

MEC

2-[(2-aminoethylamino)-carbonylethylpheny1ethyldno]-5 '4ethylcarboxarnidoadenosine

APNEA

N6-2-(4-aminophenyl)ethyladenosine

AMe

adenosine 5 '-monophosphate

An'

adenosine 5'-triphosphate

BW-A 522

3 -(3 -iodo-4-aminobenzy1)-8-(4-0xyacetate)-I -propylxanthine

ca2-

calcium ion

CAMP

cyclic adenosine 3 ',5' -monophosphate

cGMP

cyclic guanosine 3 ',5'-monophosphate

CGS 15843

9-chloro-2-(2-furanyI)-5,6-dihydro-[1 2,4]-triazolo[ 1,S]quinazolin-5-irnine
monomethanesulfonate

CGS 2 1680

2-[p-(2-carbonyl-ethyl)-phenylethylamino-5'-N-ethylcarboxamido
adenosine

CHA

cyclohexyladenosine

Ci

Curie

CNS

central nervous system

CPA

cyclopentyladenosine

CPT

cyclopentyltheophylline

CSC

8-(3 -chlorostyryl)c&eine

CV 1808

2-phenylaminoadenosine

er

equilibrative NBMPR-insensitive nucleoside transporter

es

equilibrative M3MPR-sensitive nucleoside transponer

EGO

effective concentration at which haif maximal effect occurs

FOR

forskolin

DMEM

Dulbecco's modified Eagle's medium

DMSO

dimethyl sulfoxide

DNA

deoxyribonucIeic acid

DPCPX

1,3-dipropyl-8-cyclopentylxanthine

Fig.

Figure

g

gravity force

g

gram

GTP

guanosine triphosphate

h

hours

1-ABOPX

l -propyl-3-(3-iodo-4-aminobenzyl)-8-(4-o~acetate)phenylxmt~ne

G

concentration of inhibitor at which maximum effect is inhibited by 50%

o

IMP

inosine monophophate

K-

potassium ion

Km

Michaelis-Menten constant

Ki

inhibition constant

L-adenosine

9-B-L-nbofuranosyladenosine

mg

milligram

min

minute

ml

millilitres

rnM

millimolar

mRNA

messenger ribonucleic acid

n

number of samples

N 1lcrf

Na--dependent nucleoside transporter subtype 1

N2/cif

Na- -dependent nucleoside transporter subtype 2

N3Icib

Na- -dependent nucleoside transporter subtype 3

N4/cit

Na- -dependent nucleoside transporter subtype 4

NS/cs

Na- -dependent nucleoside transporter subtype 5

Na*

sodium ion

NBMPR

nitrobenzyimercaptopurinenboside or nitrobenzyithioinosine

NECA

5 '&-et hylcarboxarnidoadenosine

nM

nanomolar

NMDA

N-methyl-D-aspartate

pmol

picomoIes

PPF

propentofjdline

R-PIA

(-)-N6-(Kp
henylisopropyl)adenosine

RNA

ribonucleic acid

S-PIA

(+)-~-(~-~hen~liso~ro~~l)adenosine

SAH

S-adenosylhomocysteine

SAM

S-adenosylmethionine

S.D.

standard deviation

sec

seconds

SEM

standard error of mean

pCi

microcurie

microlitre

clM

rnicromoIar

XAC

xanthine amine congener

TABLE OF CONTENTS
-..

Acknowledgments...........................................................................................................

iii

Abstract.. .......................................................................................................................

iv

List of Figures................................................................................................................

.vi

List of Tables...............................................................................................................

..
..mi

.

.

Abbrewations..................................................................................................................

Chapter 1.

Introduction

Chapter 2.

Uptake and release of [ 3 ~ f o r m y c iBn via sodium-dependent

ix

..................................... .... .................................................. 1

nucleoside transporters in mouse leukemic L 1210MA27.1cells............. .34

Chapter 3.

Effect of adenosine receptor agonists on release of the nucleoside

B from cultured srnooth muscle
analogue [3~formycin

DDT MF-2 cells....................................................................................

Chapter 4.

-59

Adenosine receptor modulation by propentoQlline in Chinese Hamster

Ovary ce11 lines transfected with human Al, Ah or AZbreceptors............. 76

Chapter 5.

General Discussion...............................................................................

References...................................................................................................................

-103

109

Chapter 1. Introduction
Adenosine, a ubiquitous nucleoside formed fiom the breakdown of adenosine
triphosphate (ATP), is involved in a large nwnber of physiologicd processes. These
range nom vasodilation (MorfYand Granger, 1983; Runold et al., 1990; Soilevi 1986).
immune responses (Maquart et al., 1994; Rarnkumar et ai., 1993) and lipolysis (Schwabe,
1983) to activity as a neuromodulator in the central nervous system (Latini et al., 1996;
Fredholm, 1995). Adenosine was first shown to be a mediator of biological effeas in
1929 when Dniry and Szent-Gyorgy demonstrated bradycardia and vasodilation after
infbsing adenosine and AMP to the rnarnrnalian heart (Drury and Szent-Gyorgyi, 1929). A
wider interest in the role of adenosine followed t o m the demonstration that adenosine c m
be produced by the heart when deprived of oxygen (Berne, 1963; Gerlach et al., 1963).
The observation that adenosine increased CAMPlevels in rodent brain slices and that this
accumulation was inhibited by methylxanthines such as theophyiline and caffeine strongly
suggested the presence of adenosine receptors (Sattin and Rall, 1970).
In addition to its peripheral modulatory role, adenosine has been found to have
neuroprotective properties. In particular, it has been found to have a potent depressant
effect on neurons (Dunwiddie, 1985; Fredholm and Dunwiddie, 1988) which results in a
reduction of excitatory neurotransrnission (Phillis et al., 1979; Okada and Ozawa, 1980).
Consequently adenosine reduces neuronal injury associated with strokes and seinires.
Since adenosine appears to have significant cardio- and neuro-protective
properties, therapeutic aims have been directed at developing agents which either mirnic
the effects of adenosine or enhance the activity of endogenous adenosine at its receptors.

1. Endogenous Adenosine

1.1 Adenosine Formation

Adenosine is formed primarily by metabolism of ATP, the end product of
mitochondrial oxidative phosphorylation. Adenosine is also formed through hydrolysis of
S-adenosylhornocysteine by S-adenosylhomocysteine hydrolase (Schrader et al., 1981).
Once formed intracellularly, adenosine either is metabolized rapidly or released through
cellular transport processes (Fig. 1).
Levels of adenosine are directly proportionai to the relative rates of synthesis and
hydrolysis of ATP. Under physiological conditions, plasma adenosine levels range
between 0.1 and 1 pM (Onyd and Schrader, 1984). In unanaethetized, fkeely-moving rats,
brain adenosine levels exist in nanornolar concentrations (Rudolphi et al., 1992).
However, in conditions where there is an increase in neuronal activity or a decrease in
oxygen andor glucose availability, extracellular adenosine c m increase to micromolar
Ievels (Zetterstrom et al., 1982; Hagberg et al., 1987).
There is evidence that ATP can be released from cells (Burnstock, 1972;
Burnstock, 1986) and subsequently hydrolyzed to ADP, AMP, and adenosine via ectonucleotidases (Zirnrnerman, 19%; Pearson et al., 1980) and possibly ecto-adenosine
deaminase (see Geiger et al., 1991). The degree to which extracellular adenosine is
formed from this pathway is variable between tissues due to dflering activities of ectonucleotidase enzymes (Geiger et al., 199 1).

//
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Fig. 1 . Cellular rnetabolism, uptake and release of adenosine.

ABBREVIATIONS: AMP, adenosine monophosphate; ADP, adenosine
diphosphate; ATP, adenosine triphosphate; CAMP,cyclic adenosine monophosphate;
SAM, S-adenosylmethionine; S

a S-adenosylhomocysteine; IMP,inosine

monophosphate.

Taken fiom Parkinson and Anderson, 1 995.

It is possible that CAMPmay act as a source of adenosine following its metabolism
to SA.. intracellularly or extracellularly (Cramer, 1977; Doore et al., 1975; Pull and
McIlwain, 1977; Rosenberg and Li, 1995). Although this hypothesis has not been studied
extensively, it is consistent with the small reduction in adenosine reIease from neural tissue
observed during inhibition of phosphodiesterase, the catabolic enzyme for CAMP(Stone,
et al., 1981; Rosenberg and Li., 1995).
De novo synthesis of adenosine involves the formation of S-inosine

monophophate and subsequent conversion to 5'-AMP through the actions of
adenylosuccinate synthetase and lyase (Schultz and Lowenstein, 1976). However, de
novo synthesis of purines is expensive in terms of cellular energy and the concentration of
enzymes responsibie for this pathway are low in most tissues (Zimmer et ai., 1973; Allsop
and Watts, 1983). Therefore, this pathway represents a very rninor contribution to the
overall functional pool of adenosine.

1.2. Adenosine Metabolism

Once formed, adenosine is rapidly metabolized. Adenosine has an extremely shon
biological half-life in the range of 3-6 seconds (Rudolphi et al., 1992) which is due to
metabolism by adenosine dearninase, adenosine kinase or S-adenosylhomocysteine
hydrolase (Geiger et al., 1997). Adenosine deaminase is the enzyme that deaminates
adenosine to form inosine. The activity of this enzyme is thought to be mainly Iocalized to
the cytosol, however, recent evidence suggests the presence of extracellular adenosine
dearninase (Martin et al., 1995). Inosine has a low affinity for adenosine receptors (Bruns

et al., 1980) and therefore is not thought to be a relevant mediator of physiological
functions through these receptors.
Adenosine kinase phosphorylates adenosine to AMP which is fùnher
phosphorylated to ADP and ATP. Adenosine kinase has an affinity (Km) in the low
rnicromolar range and is saturated at near physiological concentrations of adenosine
(Phillips and Newsholme, 1984; Mistry and Drumrnond, 1986). Substrate inhibition of
adenosine kinase has been observed in rat heart when adenosine reaches
supraphysiological levels (Fisher and Newsholme, 1984). Adenosine kinase activity
appears to predominate at low adenosine concentrations whereas adenosine deaminase
activity is greater at higher adenosine concentrations, and may predominate during
hypoxia or ischemia (Kohn and Garfinkel, 1977).
S-adenosylhornocysteine hydrolase catalyzes another metabolic pathway for
adenosine. This enzyme is located intracellularly and is responsible for the condensation
of adenosine with homocysteine to form S-adenosylhornocysteine (Schrader et al., 1981;
Lloyd and Schrader, 1987). Activity of this enzyme is limited due to the low availability
of homocysteine (Snyder, 1985).
Intracellular concentrations of adenosine are rnaintained at low levels due to
metabolism of adenosine. Extraceilular concentrations are also maintained at low levels
due to the presence of membrane-bound transport proteins which can mediate both uptake
and release of adenosine (Fig 1 .).

2. Adenosine Recepton

It was first observed by Sattin and Ra11 ( 1970) that adenosine receptor stimulation
increased CAMPlevels in the brain. It was later demonstrated that adenosine inhibited
CAMP formation in fat cells (Fain et al., 1972). Therefore, the dxerential action of
adenosine on CAMPformation provided an early biochemical means for identi%ng and
classifying adenosine receptors. Pharmacologicdly, it is possible to distinguish each
receptor type in tems of agonist and antagonia potencies in radioligand binding
expenments and in hnctionai biological assays (Williams and lacobson, 1990; Van Galen
et al., 1992; Abbrachio et al., 1993; Fredholm et al., 1992) . Bumstock classified purinesensitive receptors into two subclasses; P 1 and P2 receptors. Pl receptors exhibit an
agonist preference of adenosinehU@>ADP>ATP and are selectively blocked by
methylxanthines. P2 receptors are selective for nucleotides ATP and ADP as well as
diadenosine tetraphosphate and are insensitive to methylxanthines (Bumstock, 1978;
1980; Fredholm et ai., 1994). Classification of punnergic Pl receptor into Al and A2
adenosine receptors was proposed by Van Calker et al. in 1979 and is now generally
accepted dong with the Ah and A2b nomenclature. Current subclassification of Ai, Ah,
A ~ Iand
, A, receptors is based mainly on cloned sequences, agonist and antagonist

potencies and biochemical characterization.
2.1. Ai Receptors

Adenosine Al receptors couple to Gii, Gi2, Gs and Go proteins (Freissmuth et al.,

1991; Munshi et al., 1991) and are classicaily associated with the inhibition of adenylyl
cyclase (Van Calker et al., 1978; Londos et al., 1980). These receptors have also been

demonstrated to inhibit ca2* conductance (Dotphin et ai., 1986; Scholz and Miller, 199 1;
Mogul et ai., 1993) stimulate K-conductance (Belardinelli and Isenberg, 1983; Trussell

and Jackson, 1985) and affect phospholipase C activity (Genvins and Fredholm, 1992;
Genvins, 1993).

High affinity agonists (Kd

=

0.3-3 nM) for Al receptors in potency order include

cyclopentyladenosine (CPA), cyclohexyladenosine (CHA), (-)-N6-(~-~hen~lisopropy1)adenosine (R-PM), and adenosine amine congener (ADAC). Agonists with
moderate potency (3-3 0 nM) include 5'-N-ethylcarboxarnidoadenosine (NECA), 2ciiloroadenosine, and adenosine. An agonist which binds to the Al receptor with low

atfinity (30-350 nM) is (+)-~-phenylisopropyladenosine(S-FIA) (Fredholm et al., 1994).
Al receptors bind antagonists 1-3-dipropyl-8-cyclopentylxanthine(DPCPX) and
xanthine amine congener (XAC) with high afinity (0.5 - 2 nM). 8-Cyclopentyltheophylline (CPT), 8-phenyltheophylline (8-PT) and CGS 15943 bind to Ai receptors
with intermediate potency (2-200 nM) and theophylline and 8-p-sulfophenyltheophyIline
bind with low potency (1 - 20 pMJ (Fredholm et al., 1994).
Clones of the Al receptor from rat (Mahan et al., 1991 ; Reppert et al., 199l),
bovine (Olah et al., 1992; Tucker et al., 1Wî), human (Liebert et al., 1992; TownsendNicholson and Shine, 1992; Ren and Stiles, 1994) and rabbit (Bhattacharya et ai., 1993)
encode proteins of 326 amino acids which have molecular weights of -36,700 Daltons.
There is approximately 87% overall amino acid identity of the species homologues of the
Al receptor.

In siru hybridization and northern biotting techniques have demonstrated Al
receptor mRNA to be highly expressed in the brain, particularly in the cortex, cerebellum,
thalamus and hippocampus. A, receptor mRNA is also found in the spinal cord, fat ceils,

and testis (Olah and Stiles, 1995). Generally, the Al mRNA levei correlates weil with
expression of the receptor protein.

2.2. Aza Receptors

Ah receptors coupie Gs proteins to stimulation of adenylyl cyclase and increased
formation of CAMP(Van Caiker et al., 1979). There is specuiation on the existence of
other G proteins which may be activated by stimulation of A2 receptors such as GOu
(Fredholm, 1995). In addition, it has been s h o w that adenosine A1 receptors potentiate
P-type ca2* channels in hippocarnpal neurons through a mechanism involving CAMPdependent protein kinases (Mogul et al., 1993).

Kigh affinity Ah agonists include CGS 2 1680,NECA, 2-[(2-arninoethy1amino)-

carbonylethylphenylethylamino]-5'-N-ethylcboxdoadenosine (APEC) and adenosine
(1-20nM). CGS 2 1680 appears to be selective for Ah receptors. Other agonists which
bind to AL receptors with lower affinity (>20n . )include 2-chloroadenosine, CV 1808,
R-PIA and ADAC. High affinity (20- 100 nM) antagonists for AL receptors include XAC,

8-(3-ch10rostyryi)caffeine (CSC),KF 1 783 7, and CGS 1 5943. Agonists with intermediate
(0.2-2p.M) affinity include CPT, DPCPX and 8-PT(Fredholm et al., 1994).

Ah receptors have been cloned from canine (Maenhaut et ai., 1990), rat (Fink et
ai., 1992) and human (Furlong et ai., 1992) cDNA libraries. Ab receptor mRNA encodes

a slightly larger protein than the other adenosine receptors; it has 4 10 4 12 amino acids and
a molecular weight of -45,000 Ddtons (Olah and Stiles, 1995). The additional arnino
acids associated with the Ah receptor as compared to the other receptors represents the
elongated carboxy-terminus. Although the functiond significance of the elongated tail is
unknown, it is speculated that this region may represent potentid phosphorylation sites for

G protein-receptor kinases and could therefore be involved in desensitization processes
(Olah and Stiles, 1995; Shimada et al., 1992).
Ah receptors are located primarily in the brain with the highest abundance in the

dopamine-nch regions inciuding caudate putamen, nucleus accumbens, and tuberculum
olfactorium (Fredholm, 1995). Ah receptor mRNA has dso been found in human heart,
kidney and lung (Linden et al., 1993).

2.3. A ~ RReceptors
,

Sirnilar to Ab receptors, AZbreceptors are Gs protein-linked stimulatory receptors.
Am receptors have been cloned fiom rat (Stelhe et al., 1992; Rivkees and Reppen, 1992)

and human (Pierce et al., 1992) brain cDNA libraries. The A2b receptor consists of 332
amino acid residues and has a molecular weight of 36,000 Daltons (Fredholm, 1994).
Simulation of adenylate cyclase activity and increased CAMP levels have been
demonstrated with the cloned AZbreceptor (Rivkees and Reppert, 1992). Furthemore,
when NECA was applied to Xenopus oocytes injected with rat A z receptor
~
m R N q an
inward chloride current coupled to phospholipase C activation was demonstrated (Yakel
et al., 1993). Marquardt et al. (1992) has demonstrated an A2b receptor mediated

stimulation of cdciurn channel activity in oocytes injected with rnouse A2b receptor
rnRNA.

Whereas Ah receptors are localized mainly in dopamine-rich areas in the brain, A z ~
receptors are ubiquitous. High expression of rat Ab mRNA was detected in the caecum,
large intestine and urinary bladder Brain, spinal cord and lung also expressed A2b mRNA
(Stehle et al., 1992).
The only reasonably high affinity (0.5- 5 pM) agonist for AE,receptors is NECA
(Fredholm et al., 1994). At the 5-20 rnicrornolar range 2-chloroadenosine, adenosine and
R-PIA can stimulate A2breceptors. In contrast to Ab receptors, A2b receptors do not bind

CGS 21680. Interestingly, higher concentrations of adenosine are required to activate A2b
receptors versus Ab receptors. This suggests that supraphysiological levels of adenosine
are required to activate AZbreceptors whereas basal adenosine levels can stimulate Ah
receptors. There are no known selective antagonists for this receptor, but XAC, CPX, 8-

PT and CGS 15943 are effective antagonists (Fredholm et al., 1994).

2.4. A3 Receptors

The exact signal transduction mechanism of the recently discovered A3 receptor is
not fully understood. Stimulation of Ai receptors with NECA or R-PIA resulted in a
pertussis toxin-sensitive inhibition of forskolin-stimulated adenylyl cyclase (Zhou et al.,
1992). Inhibition of CAMPaccumulation is consistent with activity of a Gi-type protein,

however the exact G protein coupling for these receptors remains to be elucidated
(Linden, 1994). A3 receptors have been shown to be involved in regdation of inositol

triphosphate (IP3)-induced increases in levels of intracellula. ca2- in RBL-2H3 mast cells

(Ramkumar et al., 1993) and G protein-dependent activation of phospholipase C in rat
brain (Abbracchio et al., 1995).
Meyerhof et al. (199 1) and Zhou et al. (1 992) independently cloned A3 receptors
fiom rat testis and brain. The isolated cDNA encodes a 320 arnino acid residue, 36,000
Dalton protein. Adenosine A3receptors fiom sheep (Linden et al., 1993) and human
(Salvatore et al., 1993) have subsequently been cloned and display a 72% overall sequence
identity to the rat A3receptor. In contrast to other cloned adenosine receptors, A3
receptors exhibit a consensus site for N-linked glycosylation on both the arnino terminus
and the second extracellular loop.
The distnbution of A3receptors varies depending on the species. In rat, A3
receptor mRNA was primarily localized to testes (Zhou et al., 1992) whereas in sheep a
wide distnbution was evident (Linden et al., 1993). A tissue distribution profile of lung =
liver >> brain = aorta > testis > heart was reported for humans (Salvatore et al., 1993).
Demonstration of A3receptor mRNA in lung appears to be common in al1 species (Olah
and Stiles, 1995).
High affinity agonists (<10 nM) for A3 receptors include N6-2-(4-aminophenyl)ethyiadenosine (APNEA) and l @ - b e n z y l - ~ ~
Agonists
~ ~ . which bind with intermediate

affinity (10-30 nM) include NECA and R-PIA. In contrast to other adenosine receptors,
ciassical xanthines do not inhibit rat A3 receptors (Fredholm, 1995). However, cloned
sheep (Linden et al., 1993) and human (Salvatore et ai., 1993) A3 receptors do bind

certain xanthine antagonists (1-ABOPX) with micromolar &&y.

A high afnnity (1-20

nM) antagonist for A3 receptors is BW-A 522 (Fredholm et al., 1994).

2.5. Adenosine Receptor-Mediated Effects and Therapeutic Use
2.5.1. Peripheral effects of adenosine

It has long been known that adenosine is a potent bradycardic and blood pressure
lowenng agent with rnarked vasoconstrictor effects in the kidney @mry and SzentGyorgyi, 1929). Currently adenosine is used for treatments of cardiac arrhythmias such
as paroxysmal supraventricular tachycardia. Adenosine acting on Ai receptors in the
heart, slows down conduction at the atrio-ventricular node by decreasing ca2' influx
resulting in decreased depolarization (Collis, 1991; Mullane and Williams, 199 1).
Adenosine infusion increases coronary blood flow due to vasodilatory actions
(Berne, 1963). Ah activation in vascular beds is also associated with a reduction in blood
pressure (Olsson and Pearson, 1990). These effects are predominantly mediated by an
increase in CAMPformation, however, it has been suggested that ATP-dependent Kchannels may also mediate vasodilation (Daut et al., 1990). Although adenosine
represents a novel hypotensive agent via vasodilatory activity, its ability to cause
bradycardia through Al receptors represents a major drawback. However, use of selective
A2 receptor agonists to achieve only vasorelaxant effects may be possible (Mullane and

Williams, 199 1).
Antithrombotic effects of adenosine have also been demonstrated. Activation of
the Ah receptor on platelets elevates intracellular CAMPlevels, resulting in the inhibition

of platelet aggregation produced by ADP and other agents (Olsson and Pearson, 1990).
Furthemore this anti-platelet aggregation effect of adenosine and its analogues is blocked
by methylxanthines (Mills and Smith, 1971).
Another potentiai therapeutic use for adenosine or its analogues is to provide
protection to the heart during ischemia or infaraion. It was found that adenosine is
released in large quantities during ischemia and is important for stabilizing tissues and cells
under stressfùl conditions (Downey et al., 1993). Ischemic preconditioning, whereby a
sublethal period of ischemia leads to resistance of the myocardium to subsequent ischemia,
was initiaily proposed by Ely et al. (1 985). Subsequent studies have documented that
stimulation of Al and possibly A3 adenosine receptors may mediate these effects
(Thornton et al., 1992).
Adenosine has also been implicated as an anti-idammatory autacoid. Inhibition of
neutrophil aggregation, reduction in free radical production and prevention of leukocyte
accumulation in infiamed areas has been demonstrated (Schrier et ai., 1990). These actions
may be A* receptor-mediated (Lappin and Whaiey, 1984; Mandler et ai., 1982). AZb
receptor stimulation by adenosine may also be responsible for enhancing antigenstimulated degranulation in mast cells (Yakel et al., 1993). Other observations strongly
suggest A3 receptor involvement over &b

receptors (see Palmer and Stiles, 1995).

Adenosine has been shown to increase the release of histamine fiom human lung
preparations (Ott et al., 1992) and thus has been implicated in asthmatic episodes. The
adenosine receptors involved in the release of allergic mediators in the lung were originally
characterized as "atypicai" since their esects were weakly blocked by methylxanthines

(Hughes et ai., 1984). However, recent evidence niggests that A3 receptors may be
involved in the etiology of asthma by functioning to increase release of allergic mediators
fiom mast cells (Meade et al., 1996).

2.5.2. Central effects of adenosine

Adenosine is present in the brain under physiological conditions and is suggested
to be a potent neurornodulator in that it regulates neurotransrnitter release, neuronal firing
rate, glial ce11 function and cerebral blood flow. Adenosine is involved in physiological
and pathophysiological conditions of the CNS including alertness, nociception, trernor
disorders, and ischernia (Fredholm, 1995).
Adenosine is a neuromodulator of the mesopontine cholinergic neurons involved in
arousal. Whole-ce11 and extracellular recordings in brainstem slices show that
mesopontine cholinergic neurons are under tonic inhibitory control by adenosine via the
modulation of low-threshold calcium currents (Rainnie et al., 1994). Furthemore,
extracellular adenosine levels decrease during sleep (Rainnie et al., 1994) and increase
during prolonged wakehlness (Porkka-Heiskanen et al., 1997).
Adenosine receptors found in the spinal cord appear to play a modulatory role in
sensory transmission. Al and A2 receptors are present in Rolando's gelatinous substance,

a region particularly implicated in the control of pain (Choca et al., 1988). Activation of
these receptors by systemic, centrai or intrathecai administration of adenosine is
accompanied with antinociceptive effects (Post, 1984; Sawynok et al., 1991).

Adenosine has been touted as an endogenous anticonwlsant (Dragunow et al.,
1985) and has anti-epileptic properties (Ault and Wang, 1986; JaMs et al., 1991). The
anticonvulsant actions of adenosine and analogues are likely mediated via interaction with
At receptors. Stimulation of Al receptors leads to a presynaptic inhibition of release and

postsynaptic inhibition of the actions of excitatory neurotransrnitters such as glutamate o r
acetylcholine (Andiné et al., IWO; Phillis et al., 1991). A resultant reduction in
neuroexcitability occurs. In contrast, acute treatment with adenosine receptor antagonists
such as caffeine results in epileptogenesis. However, when these antagonists are given
chronically in doses that resemble habituai coffee consumption, there is decreased
incidence of seinires following N-methyl-D-aspartate ( N I A ) receptor activation or
GABA receptor blockade (Fredholm, 1995). These findings are consistent with

upregulation of adenosine A, receptors in individuals who chronically ingest caffeinated
products.
Interestingly, adenosine Ah receptors are CO-localizedwith dopamine D2 receptors

in the dopamine-rich receptor sites in the brain (Stehle et al., 1992; Fink et al., 1992).
Activation of Ah receptors by CGS 2 1680 leads to a decrease in binding of dopamine
receptor agonists to the D2receptors (Ferré et al., 1992). It has also been shown that
adenosine receptor antagonists increase signalling through D2 receptors (Ferré et al.,
1992). The possibility of selectively increasing or decreasing activation of post synaptic
dopamine D2receptors by modulating adenosine Ab receptors has been proposed
(Fredholm, 1995) and could have implications for both Parkinson's disease and
schizophrenia.

Adenosine also appears to have a neuroprotective role in cerebral ischemia
(Rudolphi et ai., 1992). Adenosine acts as an endogenous cerebroprotective agent in
three principai ways. First, adenosine exhibits a direct Ah receptor- mediated vasodilatory
eEect leading to an increase in cerebral blood flow. Cerebral vasodilation due to an
indirect effect of adenosine on presynaptic inhibition of catecholamine release may also
occur (Hedqvist and Fredholm, 1976). Second, adenosine or agonist binding to
presynaptic Al receptors results in an inhibition of glutamate release (Andiné et al., 1990)
whereas application of the antagonist 8-PT results in increased extracellular glutamate in
ischemic brain tissue (Sciotti et al., 1992). Postsynaptically, adenosine helps to maintain
ca2+homeostasis by inhibiting membrane depolarization, which prevents the opening of

voltage dependent ca2+channels (Rudolphi et al., 1992). Stimulation of Ai receptors
causing decreased neuronal activity and stimulation of Ah receptors causing increased
cerebral blood flow aids the restoration of the balance between oxygen supply and demand
as well as between ATP synthesis and use. Third, adenosine causes direct inhibition of the
formation of fkee radicals through inhibition of the activation of neutrophils (Rudolphi et
al., 1992). Adenosine may also indirectly inhibit fiee radical production by activating

antioxidant enzymes, which lirnits the lesions induced by free radicais (Simon et al., 1984).
Potential therapeutic strategies related to adenosine include adenosine receptor
agonists and inhibitors of adenosine metabolism. While adenosine receptor subtype
selectivity is best achieved through receptor agonists, these compounds are limited, at
least at present, by tissue selectivity. For exarnple, adenosine A l agonists have desirable
neuroprotective properties but aiso produce cardiac depression, an effect that limits their

clinical development. In contrast, the effeas of inhibitors of adenosine metabolism are
dependent on adenosine levels, therefore, tissue selectivity is achieved by stimuli that
induce localized adenosine production. As adenosine's effects occur through the
interaction of extracellular adenosine with adenosine receptors while adenosine
metabolisrn is, prima-ily, intracellular, nucleoside transport processes are considered the
first step in adenosine metabolism.

3. Nucleoside Transport

Three basic research strategies have been used to characterize nucleoside
transporters. First, measuring the transport of specific permeants enables the
detemination of afinity constants and maximum transport capacities. Second,
radioligand binding assays with specific, high affinity inhibitors are used to determine
abundance of transporters in various cells and relative selectivity of permeants for
transporter binding sites. Third, molecular cloning provides a useful method to examine
the structure of transporters.
As adenosine is rapidly metabolized within cells, it is important to differentiate

between accumulation of adenosine per se and of adenosine metabolites. Therefore,
transport is defined as the transfer of the unrnetabolized, native permeant across the ce11

membrane, whereas uptake refers to the accumulation of permeant without regard to its
possible metabolism (Geiger and Nagy, 1990). Thus, very short incubation times are
required to accurately measure transport of adenosine through nucleoside transporters.

Adenosine is able to cross cellular membranes via passive diffision, facilitated
transport or secondary active transport. Seven fùnctionally distinct nucleoside
transporters have been charaaerized in penpherai tissues fiom several species (Cass,
1995). These have been subdivided into two broad classes; sodium-dependent and
sodium-independent transponers.

3.1. Sodium-dependent Transport

Sodium-dependent transporters couple the unidirectionai movements of
nucleosides and sodium ions across the plasma membrane. Sodium-dependent
transporters have been divided fùrther into five subclasses based on permeant selectivity

and sensitivity to blockade by the transport inhibitor nitrobenzylthioinosine (NBMPR)
(Table 1.). N l l c v transporters are oncentrative NBMPR-@sensitive and generally
selective for purines including the purine analogueformycin B (Vijayalakshrni and Belt,
1988; Crawford et al., 1990). N2lcir transporters are also concentrative and NBMPRinsensitive, however they are selective for pyrimidines such as lhymidine (Vijayaiakshrni
and Belt, 1988). Unlike N2/cit transporters, N4/cif accept guanosine as a permeant
(Gutierrez et al., 1992; Gutierrez and Giacornini, 1993). Gncentrative, NBMPRinsensitive transporters termed N31czb exhibit broad selectivity for both purines and
pyrimidines (Wu et al., 1992; and Huang et al., 1993). They also transport two sodium
ions per nucleoside uniike other sodium-dependent transporters which transport
nucleosides and sodium ions in a 1 : 1 ratio. Finaily, CS transporters which have been
recently designated N5,are oncentrative and snsitive to low nanomolar concentrations

of NBMPR (Cass, 1995). Adenosine appears to be a permeant for ail the sodiumdependent nucleoside transporters characterized to date, although the maximum velocity
of transport varies widely (Yao et ai., 1996).
There appears to be a heterogeneous distribution of sodium-dependent
transponers arnong cells and tissues. The distribution of sodium-dependent transporters in
dissociated and cultured cells is Iisted in Table 2.
Three different transport proteins with sodium-dependent nucleoside transport
activity have been cloned and are termed SNST 1, CNT 1 and CM2. SNST 1 has no
significant homology to CNTI or CNTZ, however it shows sequence homology to the
Na'/glucose cotransporter, SGLT 1 (Pajor and Wright, 1992). Expression of SNST 1 in

Xenopus oocytes results in low sodium-dependent cotransport activity consistent with
N 3 k i b nucleoside transport processes (Pajor, 1994). Northem analysis detected mRNA

for SNSTl in rabbit kidney and heart, but not in liver or intestine.
Expression of CNT 1 in Xenopus oocytes resulted in sodium-dependent uridine
transport activity of 20,000 fold increase over basal (Huang et al., 1994). The observation
that uridine, thymidine, cytidine and adenosine, but not inosine or guanosine, inhibited
uridine and thymidine influx catdyzed by CNT1 was consistent with CNTl being an N2
transporter (Griffith and Jarvis, 1996). Distribution of CNTl rnRNA was detected in rat
intestine and kidney, but not heart, brain, spleen, lung, liver or skeletd muscle (Huang et

al., 1994).
CNT2 was recently cloned fiom rat jejunum and expressed in Xenopzrs oocytes
(Yao et al., 1996). The expressed mRNA appears to have sodium-dependent nucleoside

TABLE 1. Functional properties of nucleoside transporter subclasses

Equilibrative
Trivial

es

ei

Concentrative
crf

cit

Numerical
Na--dependent

NI

-

-

Nahucleoside stoichiornetry

N2 N4

cib

CS

N3

Ti5

+

+

+

+

+

1:l

1:l

1:l

2:l

nd

-

nd

+

nd

+

+

nd

hhibited by:

NBMPR
dipyridarnole
dilazep
propentofjdline
Permeants :
adenosine
uridine
guanosine
inosine

formycin B
tubercidin

+

+

-

thymidine

+

+

+

Adapted from Cass, 1995.
Abbreviations: NBMPR, nitrobenzylthioinosine; nd, not deterrnined

TABLE 2. Tissue distribution of dependent transporters
Tissue
Species
Tissue Type
Preparation

Transporter
Subtype

Dissociated Cells
rat

rabbit

hamster
guinea-pig
bovine
human

Cultured Ce11 lines
rat

intestinal epithelial
carcinoma
human
colon carcinoma
leukemic
opossum proximal tubule
mouse
leukemic
leukemic
lymphoma
fibroblast
macrophage
pig
proximal tubule
1
Plagemann and Aran, 1990
* Griffith et al., 1992
~ o h e rand
t ~ Jarvis, 1993

choroid plexus
macrophages
jejunum
hepatocytes
rend epithelium
macrophages
pentoneal exudate cells
splenocytes
thyrnocytes
bone marrow granulocytemacrophage progenitor cells
enterocytes
choroid plexus
intestinal brush border vesicies
rend epithelium
pentoneal exudate cells
enterocytes
rend epithelium
rend epithelium
leukemic

EC-6cells
Walker 256 cells
Caco-2 ceIls
HL 60 cells
OK cells
L1210 cells
P388 cells
S49 cells
L929 ceIls
RAW 309 Cr. 1 celIs
LLC-pKI cells
4
Baer and Moorji, 1991
5 Baer and ~ o o j i 1990
,
6

nd, not determined

Ail other information adapted from Gnfith and Jarvis, 1996 and Cass, 1995.

NI*

transport consistent with Nllcifpermeant selectivity. CNT2 shows considerable sequence
similady to CNTl indicating that they corne fiom a single gene farnily (Che et al., 1995).
Nevertheless, there are divergent regions in the N- and C- terminal regions and CNT2
exhibits a unique ATPGTP binding motif and additional putative protein kinase A and C
phosphorylation sites suggestive of differential regdation of the two carriers (Che et al.,
1995; Griffith and Jarvis, 1996).

3.2. Sodium-independent Transport

Sodium-independent transporters are equilibrative transport processes that move
nucleosides bidirectionally across plasma membranes. These have been fùrther subdivided
into gquilibrative-sensitive (es) and gquilibrative-insesensitive (ei) on the basis of their
sensitivity to inhibition by NBMEX (Jan& and Young, 1987; Plagemann et al., 1988) and
have been identified to be the products of separate genes (Belt and Noel, 1988).
Equilibrative nucleoside transporters in mamrnalian cells accept a variety of
nucleosides as substrates. However, the affinities of zero-lrans influx processes for the
different nucleosides also exhibits a wide range from approximately 20 @
to 5imM
(Griffith and Jarvis, 1996). (Zero-tram influx refers to the transport of a substrate from
one side of the membrane where its concentration is varied, to the other side where its
concentration is initially zero (Plagemann and Wohlhueter, 1980)). Adenosine has been
s h o w to exhibit large differences in its affinity for the es transporter. For example, in
many cells the Km for adenosine influx at room temperature is 20 - 50 jAd (Griffith and
Jarvis, 1996). This differs substantially from cultured bovine chromaEn cells and plasma

vesicles fiom chromaffin tissue. In these tissues, the Km was estimated to be 1-2 ph4
(Deligado et ai., 1991; Sen et al., 1993). This variation in Km values may be afTected by
the metabolic lability of adenosine as Km values for adenosine kinase are typically about I

W.

3.2.1. es nucleoside transporters

Equilibrative-sensitive nucleoside transport is the best characterized nucleoside
transport process in marnrnaiian cells. This system is sensitive to inhibition by low
nanomolar concentrations of NBMPR and exhibits directional symmetry such that the
maximum velocities of influx and efflux are similar (Cass et al., 1974; Belt, 1983;
Vijayalakshrni and Belt, 1988; Griffith and Jarvis, 1996).
Although es transporters in different ceil types ail exhibit broad penneant
selectivity, substantial differences exist between kinetic constants, turnover numbers,
carrier mobility, and size of es transporters in various species and tissues. This may
indicate that multiple isoforms of this transporter exist.
Polyclonal antibodies to the es transporter of human erythrocytes were species
cross-reactive among rat, rabbit and pig es transporters (Kwong et al., 1992). However,
in another study, these anti-erythrocyte es antibodies detected only hurnan
synctiotrophoblast bmsh-border nucleoside transporter and not the kinetically sirnilar es
nucleoside transporter in basolateral membranes of the human placenta (Barros et al.,
1995) indicating that at least two isoforms of es are present in the human placenta.

Recently, a human placental cDNA with functionai characteristics of es transport

processes was cloned and termed hENT 1 (Griflith et al., 1997). hENT 1 encoded a 456
amino acid residue glycoprotein which showed no significant sequence sirnilarity to other
known transporters.

3.2.2. ei nucleoside transport
Equilibrative-insensitive nucleoside transport is resiaant to inhibition by nanomolar
concentrations of M3MPR (Belt et al., 1993). Much less is known about the ez
transporter in cornparison to the es transporter as there are no selective inhibitors,
antibodies or molecular probes for this carrier protein. As of yet, this transporter has not
been cloned.
Similar to es transporters, ei carriers show broad substrate specificity for
nucleoside permeants. However, there is evidence that within the same ce11 population, ei
transporters have a lower af£ïnity for nucleosides than do es transporters (Griffith and
Jarvis, 1996).

3.2.3. Distribution of transporters

Many cells, including mouse leukernic L 1210 cells, possess both es and ei
transporters. However, relative proportions of es and ei transporters rnay vary
(Hammond and Johnstone, 1989). Some cells, such as human erythrocytes (Plagemann
and Woffendin, l988), S49 rnouse lymphoma cells (Plagemann and Wohihuenter, 1984).
cultured chromaffin cells (Deiigado et al., 1990; Sen et al., 1993) and DDT, MF-2 cells
(Parkinson et al., 1996) possess only es transporters. Conversely, other cells including the

Novikoff N1 S 1-67 rat hepatoma ce11 line possess ei but not es transporters plagemann
and Wohlhueter, 1984).

3.3. Transport Inhibitors

In addition to the use of nucleoside transport inhibitors for characteriting transport
processes in expenmental rnodels, therapeutic uses have been investigated. By inhibiting
removd of extracellular adenosine, transport inhibitors c m enhance receptor mediated
effects of endogenous adenosine (Van Belle, 1988; Geiger and Fyda, 1991; Iacobson et

al., 1991). The use of nucleoside transport inhibitors provides an attractive therapeutic
strategy as ideaily these compounds have minimal eRects until adenosine production is
elevated. As a result, the beneficial effect is localized to tissues that are producing
adenosine and adverse drug reactions are minimized. Nucleoside transport inhibitors can
be categorized based on their chernicd stnictures into purine ribosides such as NBMPR,
pyrirnidopyrirnidine denvatives such as dipyridamole, substituted piperazines including
lidoflazine and analogues, tertiary amine diazepine compounds such as dilazep, and
xanthines such as propentofjdline.

3.3.1. Nitrobenzylthioinosine
As mentioned previously, NBMPR has been used to charactenze es transporters.

Because binding of ['H]NBMPR corresponds stoichiometrically to inhibition of nucleoside
transport (Cass et al., 1974), it is a useful tool for determining the presence and number of
transporters in cells and tissue preparations. NBMPR has not been used clinicaily due to

its poor solubility and metabolic instability. However, nanomolar concentrations of

NBMPR have been s h o m to cross the blood-brain barrier in rats (Anderson et al., 1996).
Therefore, it may provide a mode1 for testing the neuronal effects of nucleoside transport
inhibitors in vivo (Anderson et ai., 1996).

3.3.2. Dipyridamole

Dipyridarnole is a well known coronary vasodilator and antithrombotic dmg
(Persantin&). Its actions are likely mediated through inhibition of adenosine transpon
and thus enhancing the half-life of adenosine in the plasma (Woffendin and Plageman,
1987). Dipyridamole is also an inhibitor of cGMP phosphodiesterase activity and reactive
oxygen species formation (Rhodes et al., 1985; Iuliano et al., 1989; Bult et al., 1991).
Similar to

[

3

~

binding,
]
[3~dipyridamole
~
~
~
has
~ been~ used for the pharrnacological

characterization of adenosine transport sites as it can bind to both es and ei transporter
sites in guinea pig (Marangos and Deckert, 1987). Interestingly, dipyridamole exhibits
only a low afhity for inhibition of es transporters in rat cells and tissues as well as several
other species (Griffith and Jarvis, 1996).

3.3.3. Lidoflazine and analogues

Lidoflazine and its analogues rnioflazine, R7523 1 and soluflazine are inhibitors of

es transporters and have also been s h o w to inhibit ei mediated nucleoside transport
(Hammond, 1991). Mioflazine is unable to distinguish between es and ei transport,
however Et7523 1 exhibits selectivity for the es carrier. Solufiazine differs as well in that it

is a more effective inhibitor of ei transport than of es (Lee and Jarvis, 1988; Hammond,
1991;Grfith et al., 1990). These dmgs have been used to produce vasodilation, decrease
tissue damage post-myocardial ischemia, cause sedation, increase "quality of sleep". and
are able to cross the blood brain barrier (Wauquier et al., 1987).

3.3.4. Dilazep

Dilazep inhibits nucleoside transport via both equilibrative transporters as well as
the NSks sodium-dependent transporter (Paterson et al., 1993). Dilazep has been used
clinically as a vasodilator for decreasing coronary and total vascular resistance, and
increasing coronary blood flow in anginal patients (Marziili et al., 1984). Dilazep is water
soluble and is a potent inhibitor of es transporters with Ki values between 1- 10 nM
(Griffith and Jarvis, 1996). This compound is metabolized by endogenous esterases
(Geiger and Fyda, 1991) and also inhibits Na* and ca2*channel activity (Hoque et al.,
1995).

3.3.5. Propentofylline

PropentofjAline is a neuroprotective compound (Parkinson et ai., 1994) that
increases adenosine levels (Andiné et al,. 1990). Propentofylline inhibits nucleoside
transport processes at concentrations that are associated with neuroprotection in vivo
(Parkinson et al., 1993). At low micromolar concentrations, propentoQlline inhibits es
transporters whereas at higher concentrations, propentoQlline will also inhibit ei and
Nllcrf transporters (Parkinson et al., 1993). This xanthine derivative has been found to

antagonize Al, Ah and AZbadenosine receptors (Fredholm et al., 1992) which
paradoxically, is inconsistent with its neuroprotective properties. This contradiction has
not yet been resolved but is addressed in Chapter 4.

3.4. Nucleoside Release

Adenosine can be released fiom cells under basal conditions and by a variety of
stimuli. Depolarization of cells, glutamate receptor agonists, electrical stimulation,
metabolic stress, or hypertonie sodium solutions have been used to stimulate efflux of
adenosine in various ce11 and tissue preparations (White and Hoehn, 199 1; Manzoni et ai.,
1994; Baudourin-Legros et al., 1995). To date, direct evidence for vesicular release of
adenosine, analogous to neurotransmitter efflux, has not been shown (Cahill et ai., 1993).
Bi-directional nucleoside transpon carriers are most comrnonly impiicated in release of
adenosine.
Because adenosine is rapidly metabolized by intracellular and extracellular
enzymes, it is difficult to achieve a stable releasable pool of intracellular adenosine.
[3m~denosine
can be loaded in cells in the presence of inhibitors of metabolic enzymes.
Unfortunately, severai of these inhibitors, including the adenosine kinase inhibitor
iodotubercidin (Parkinson and Geiger, 1996) and the adenosine deaminase inhibitor
deoxycoformycin (Chen et al., 1984; Wiley et al., 199l), have been s h o w to block
nucleoside transport processes. Therefore, due to the difficulty in characterizing
adenosine release per se, metabolically stable analogues provide usehl tools to study this
system.

Formycin B is a metabolically stable inosine analogue which is a permeant for es,
ez, NI/&

N 3 k i b and NWcs transporters (Plagemann et al., 1990 Plagernann and

Woffendin 1989; Dagnino and Paterson, 1990; Wu et al., 1993; Paterson et al., 1993). LAdenosine, the stereoisomer of physiological D-adenosine has also been used to examine
transpon activity. [ j ~ ] ~ - ~ d e n o sisi nunaected
e
by adenosine kinase or adenosine
deaminase and is therefore usefùl in nucleoside accumulation and release studies (Gu et

al., 1991; Foga et al., 1996). After cells are loaded with the metabolically stable
radiolabeled permeant, extracellular media is removed and cells are resuspended in
permeant-free buffer. Subsequent release of the radiolabeled permeant c m be measured.
Nucleoside release through es transporters has been demonstrated in several ce11 types
(Jaivis, 1986; Phillis et ai., 1989; Plagemann and Woffendin, 1 989; White and
MacDonald, 1990; Cunha and Sebastiao, 1993; Foga et ai., 1996).

3.4.1. Transport inhibitors and nucleoside release

The nucleoside transport inhibitors dilazep, dipyridarnole, and NBMPR have been
employed to study adenosine emux as well as uptake in various ce11 and tissue
preparations (Clark and Dar, 1989; Green, 1980; Caciagli et al., 1988; Meghji et al.,
1989). In peripheral cells, low concentrations of dipyridarnole and NBMPR c m block
effluxthrough es transporters (Jarvis and Young, 1986; Plagemann et ai., 1990a,b).
However, much higher concentrations of these transport inhibitors are required to inhibit
efflux through the ei transporter (Jarvis and Young, 1986). In rat hippocampal and
hypothalamic slices, inhibitors decreased the evoked released of adenosine (Fredholm and

Jonzon, 1981;Jonzon and Fredholm, 1985) suggesting equilibrative transporters may play
a large role in adenosine efflux in the central nervous system.
Nucleoside transport inhibitors have been used to prolong the presence of
extracellular adenosine by blocking uptake. To potentiate adenosine receptor mediated
effects, nucleoside transport inhibitors must block adenosine uptake to a greater degree

than release. However, efllux through the es transporter cm be blocked with the
nucleoside transport inhibitors NBMPR and dipyridamole (Jarvis and Young? 1986;
Plagemann et al., 1990). In animal brain preparations, the transport inhibitors
dipyridamole, lidoflazine, propentofjdline and NBMPR indeed increased basal levels of
endogenous adenosine (Cahill et ai., 1993; Ballarin et al., 1991; Pazzagli et ai., 1993; Park
and Gidday, 1990; Wallman-Johansson and Fredholm, 1994). These findings suggest that
extracellular adenosine is pnmady denved from the hydrolysis of released ATP (White
and Hoehn, 1991).
During conditions that cause enhanced utilization of cellular ATP, such as
glutamate excitotoxicity, much of the resultant adenosine production appears to occur
intracellularly. If transport inhibitors block uptake and release with equal potency and
efficacy, these compounds could decrease extracellular adenosine and, potentially, enhance
excitotoxicity. Thus it is important to determine whether transport inhibitors block uptake
and release similarly during both basal and stimulated conditions. It is also important to
determine whether the same transporter subtypes mediate both adenosine uptake and
release.

3.4.2. Release of nucieosides via sodium-dependent transporters

Sodium-dependent nucleoside transporters normdy function in cellular uptake.
However, recent evidence indicates that sodium-dependent glutamate transporters which
also normally mediate inward transport, can be reversed after depolarization, ATP
depletion or glycolytic inhibition (Madl and Burgesser, 1993; Gemba et al., 1994). In
conditions of abnormal metabolism such as hypoxia, it is proposed that reversal of the
sodium-dependent glutamate transporter provides an important source of extracellular
glutamate (Szatkowski and Attwell, 1994). Similady, intracellular adenosine greatly
increases in hypoxic conditions and can be released down its concentration gradient.
However, some studies have shown that cetlular release of adenosine c m be resistant to es
and ei transport inhibitors in various CNS tissue preparations (Hollins and Stone, 1980;
Fredholm and Jonzon, 1981; Caciagli et al., 1988; Cahill et al., 1993; Wallman-Johanson

and Fredholm et al., 1994). Thus, in Chapter 2, we report Our investigations on
nucleoside release via sodium-dependent nucleoside transporters.

3.5. Regulation of Nueleoside Transport Processes

Recent evidence indicates that nucleoside transport can be regulated by a variety of
factors including hormones, secretagogues, direct activation of intracellular signaling
pathways, and adenine nucleotides. When protein kinase A or C are directly activated in
cultured bovine chromaffin cells, inhibition of adenosine transport occurs via es
transporters (Delicado et al., 1991; Sen et al., 1993). Furthemore, studies with bovine
chromaffin cells or pig kidney cells indicate that nucleoside uptake may be regulated by

CAMP-dependent phosphorylation (Sen et al., 1993; Sayos et al., 1994). Forskolin or
CAMPanalogues decreased both adenosine uptake and [

3

binding in ~these ce11

preparations. Both direct molecular modification of the es transporter and a decrease in
cell surface transporter number have been proposed as mechanisms to account for the
inhibition of adenosine transport (Delicado et al., 1994; 1991).
The effeas of signal transduction pathways on release of adenosine have not been
studied as extensively as their effects on uptake due to the difficulty of achieving
releasable pools of intracellular adenosine. However, direct alteration of G protein
function influenced adenosine release via equilibrative transporters in cultured cerebellar
granule neurons (Sweeney, 1996). Thus, it appears that signal transduction mechanisms

may alter release of nucleosides through es transporters in some ce11 systems. Since
adenosine can be released under conditions of metabolic stress and can then activate
adenosine receptors, it is of interest to know whether there is a subsequent feedback
regulation on adenosine transport processes. In Chapter 3, we examine whether release of
the nucleoside formycin B was afEeaed by adenosine receptor agonists.

Summary

Knowledge of adenosine receptors has progressed steadily. Receptor binding
studies have provided preliminary evidence for new receptor subtypes in the brain.
Development of novel ligands have permitted a more in-depth evaluation of the
distribution and function of the main receptor subclasses in both central and periperal
tissues. Furthermore, molecular cloning of adenosine receptors has provided important

~

~

information regarding potential new receptor subtypes, species- and tissue- selectivity as

weil as structure-activity relationships.
However, our understanding of the role of adenosine, and the potential for
adenosine based therapeutic arategies in physiological and pathophysiological conditions

is still limited. We need to increase our knowledge about both intracellular and
extracellular adenosine formation during basal conditions or stimuli of various kinds. The
influence of multiple transporter subtypes on the delivery of adenosine to its receptors and
removal of adenosine fiom its receptors also requires fùnher study. In addition, the
potential for regulation of transporter function in response to stressors that elevate
adenosine levels needs to be evaluated.

1

Chapter 2. Uptake and Release of [ ' ~ ] ~ o r r n ~ c33i n
via Sodium-Dependent

Nudeoside Transporters in Mouse Leukemic L1210/MA27.1 Ceils

ABSTRACT
At least seven funaionally-distinct nucieoside transpon processes exist; however,
mouse leukemic L 12 1WMA27.l cells possess only one subtype, a Na--dependent
transporter temed N llcrf The capacity of this transporter subtype to release nucleosides
fiom L 1210/MA27.1 cells was investigated using the poorly metabolized inosine analog

B. Uptake of [3~]fomycin
B into these cells was inhibited by replacement
[3~formycin
of Na* in the buffer with choline, or by blocking Na-KATPase with 2 m M ouabain,
inhibiting glycolysis with 5 rnM iodoacetic acid, or inhibiting nucleoside transport with 1

mM phloridzin. Sodium stimulated uptake with an ECso value of 12 rnM. To measure
release of [3~formycin
B, cells were loaded with [j~]formycinB (10 CIM) then washed
and resuspended in buffer. Replacement of Na' in the buffer with choline enhanced

['~lformycinB release by 20 - 47%, and significant stimulation of release was observed
with Na* concentrations of 30 mM or less. Resuspending loaded cells into Na--buffer
containing 2 mM ouabain or 10 pM monensin, a Na' ionophore, significantly enhanced
['~]forrnycinB release dunng 20 min by 39% or 29%, respectively. Release of
[3HJformycinB into choline buffer was inhibited 26.5% by 10 mM phloridzin and 39.6%
by 10 m M propentofylline, compounds known to inhibit various transporters including
Na--dependent nucleoside transporters. Release was aiso inhibited significantly by 100

I

Borgland SL and Parkinson FE. 1997, Uptake and release of [3HJformycinB via sodiumdependent
nucleoside transporters in mouse leukemic L 1210lMA27.1 cells. J Pharmacol E.up Ther. 28 1: 347-353.

pM concentrations of dilazep, dipyridamole and NBMFR inhibitors with selectivity for

Na--independent nucleoside transporters. In the absence of Na', the permeants adenosine
and uridine enhanced [3qformycin B release by up to 40.9% and 2 1.4%, respectively.
These data indicate that in the absence of an inwardly directed Na'-gradient, Na'dependent nucleoside transporters can function in the release of nucleosides.

INTRODUCTION
Nucleoside transport processes are membrane-bound carrier proteins that mediate
the transfer of nucleosides across plasma membranes. Seven transporters have been
characterized according to function (Cass, 1995) and are divided into two broad classes:
Na'-independent and Na'-dependent processes. Na--independent transporters are carriermediated processes that cataiyze cellular influx or efflux of nucleosides with the direction
of movement determined by the nucleoside concentration gradient. Two equilibrative
transporters are distinguished by their sensitivity to the transport inhibitor nitrobenzylthioinosine (NBMPR) and are termed equilibrative sensitive (es) and equilibrative ...sensitive
(ei), respectively (Vijayaiakshmi and Belt, 1988). Na '-dependent transporters couple the
influx of Na' to the influx of nucleosides; thus, in the presence of a transmernbrane Na*gradient nucleosides can be concentrated within cells to levels in excess of those in the
extracellular environment. Five Na--dependent nucleoside transporters have been
described and are termed N 1 - N5. N 1, aiso cailed clf, accepts purines and uridine as
permeants, while N2, aiso cailed cil, and N4 are pyrimidine-selective. N3 and N5, also
called cib and CS, respectively, have broad permeant selectivity and accept both purines

and pyrimidines. N5 (CS)is unique among the currently identified Na--dependent

transporters for its sensitivity to inhibition by low nanomolar concentrations of NBMPR
Dipyridamole and dilazep inhibit both es and ez but are poor inhibitors of Na*-dependent
transporters (Cass, 1995).
Nucleoside transport processes are an important component of nucleoside salvage
pathways and provide cells with nucleosides that are required for cellular metabolism. In
addition, adenosine is an endogenous nucleoside that has autocrine and paracrine
regulatory eEects. In brain, adenosine is an inhibitory neuromodulator and extracelluiar
adenosine levels are regulated by nucleoside transport processes. Because adenosine levels
also increase during stroke and cellular release of adenosine can be resistent to inhibitors
of es and ei transporters (Geiger and Fyda, 199I), we investigated whether Na--dependent
nucleoside transporters c m mediate nucleoside release during conditions that pemirb
transmembrane Na--gradients. Recent evidence indicates that glutamate transporters,
which are dependent on Na' and normally function in cellular uptake, cm rnediate
glutamate release foliowing depolarization, ATP depletion or giycolytic inhibition (Madl
and Burgesser, 1993; Gemba et d.1994). It has been proposed that this is an important
source of extracellular glutamate during conditions of abnormal metabolism, such as
stroke (Szatkowski and Attwell, 1994).
Murine leukemia L 12 10 cells possess both Na'-independent (es and ei) and Na*dependent (N 1/cifi nucleoside transporter activities (Crawford el al., l99Ob). Mutation
strategies led to the isolation of L 121OIMA27.1 cells which retain only an N 1/cg
nucleoside transporter (Crawford et al.. 1990a); thus, these cells provide a rnodel system

to examine the hnction of Na--dependent nucleoside transporters. We investigated
cellular release of [ 3 ~ f o m y c i B,
n a poorly metabolized inosine analogue (Plagemann el

al.. 1990; Dagnino and Paterson, 1990; Wu et al.. 1993) that is a permeant o f Nllcrf
transporters present in L 1210MA27.1 cells (Crawford et al.. 1990a), and found evidence
for Na*-dependent transporter-mediated release of [3wforrnycin B.

MATERIALS AND METHODS
Materials: Mouse leukemic L 1210/MA.27.1 cells were provided by Dr. J A. Beit.
[ 3 ~ ~ o r m y cBi nwas purchased £tom Moravek Biochernicals (Brea, CA). [ 3 ~ ~ d e n o s i n e ,
3

~ andz [3~]polyethylene
~
glycol were from DuPont NEN (Boston, MA). NBMPR was

obtained fiom Research Biochemicals International (Natick, MO). RPMI 1640 and heatinactivated horse semm were purchased from Gibco BRL (Burlington, Ontario). Dilazep
was provided by F. Hofmiann-LaRoche Ltd (Basel, Switzerland). Al1 other reagents were
obtained From Sigma Chernical Co. (St. Louis, MO).
Ce11 Culture: Mouse leukemic L 12 1O/MA27.l cells were maintained in

logarithmic phase growth in RPMI 1640 culture medium with 10% heat-inaaivated horse

serum. Cells were harvested by centrifugation at 100 x g for 10 min, washed twice with
Na- buEer (in mM: NaCI, 1 18; KCl, 4.9; MgC12, 1.2; KH2P04, 1.4; 4-(2-hydroxyethy1)- 1-

piperazineethanesulfonic acid (HEPES),25; glucose, 1 1; CaClz, 1; pH 7.4, 300 t 10
mOsm) then resuspended in Na' buffer to 106cells/rnl. For some experiments, cells were
washed and resuspended in buffer in which NaCl was replaced with equimolar choline
chioride (choline buffer). For expenments with iodoacetic acid, glucose was omitted from

the buffer. Osrnolarity of buffers was adjusted, as necessary, to 300

+ 10 mOsm with

NaCl or choline chloride.
Measurements of [ . ' ~ ] ~ o r m ~Bc iUptake:
n
[ 3 ~ ~ o r m y cBi n(10 FM; 6 pCi/ml)
uptake into L 12 10/MA27.1 cells was rneasured using an oil-stop centrifugation method as
previously descnbed (Parkinson et al.. 1993).

The effect of ouabain, an inhibitor of Na-/Kt ATPase, iodoacetic acid, an inhibitor
of glycolysis, or phlondzin, an inhibitor of Na'-dependent nucleoside transport (Lee et al..
1990), on ['~]form~cin
B uptake was assessed. Cells were preincubated with 2 rnM
ouabain for 40 min at 37OC (Dagnino et al.. 199l), 5 rnM iodoacetic acid for 20 min at 37
OC (Plagemann and Aran, 1990), or 1 mM phlondzin for 15 min at 2Z°C (Huang et al.,

1993) and [ 3 ~ f o r m y c iB
n uptake (22OC) was detemined. The effect of nucleoside
transport inhibitors on [ 3 ~ f o r m y c iB
n uptake was determined with cells preincubated for
15 min (22°C) with 100 @f concentrations of NBMPR, dilazep or dipyridamole.
B uptake was determined
The effect of graded Na- concentrations on ['~]form~cin

by preparing and incubating (1 5 min, 22OC) cells in buffen containing 0, 6, 12, 30, 59 or
1 18 mM NaCl. Aliquots of cells were added to reaction mixtures containing [ 3 ~ ] f o m y c i n

B in identical Na- concentrations. M e r uptake intervals of 180 seconds, reactions were
terminated and cell-associated radioactivity was detemiined.

Measurements of [ ' ~ l ~ o r r n ~ cBi n
Release: Cells were washed and resuspended
at 5 x 106cells/ml in Na- buffer and loaded with 10 pM (1 pCi/ml) [3wformycin B for 30

or 70 min at 37OC. To determine total cellular loading of ['~]fomycinB, aliquots of cells
(100 pl) were centrifbged (13,000 x g) through oil and associated radioactivity was

determined. To assay cellular release of [3~]fomycin
B, 100 pl aliquots of cells were
trarisferred to 1.5 ml microcentrifuge tubes, centrifuged ( 13,000 X g) for 5 seconds and
loading bufE'er was aspirated. Ce11 pellets were cooied on ice then resuspended in either
Na' or choline buffer (22OC; 500 pl) and 400 pl aliquots were transferred to 1.5 ml
microcentrifuge tubes containing 200 pl oil. Following release intervals of 1 - 20 min,
cells were centrifuged through oil and both supernatants (350 pl) and ce11 pellets were
analyzed for radioactivity. Cells resuspended into buffer at 4°C were used to estimate
release at O min. Ce11 viability following resuspension was determined by trypan blue
exclusion assays and was routinely greater than 95%.
The effect of extracellular Na' concentrations on ['~]forrnycin B release was
determined by resuspending [3~]formycinB-loaded cells in 4OC or 37OC buffer containing
0, 30, 59, or 1 18 mM NaCl. Values of release at O min were subtracted fiom I O and 20
min release values for each buffer.
To determine the effects of ouabain, iodoacetic acid or the Na--ionophore
cells loaded for 30 min with [3~]formycinB were
monensin on [ 3 ~ f o r m Y ~Bi release,
n
resuspended in Na' buffer (4°C or 37°C) alone or in Na- buffer containing 2 mM ouabain,
1O p M monensin or 5 rnM iodoacetic acid. Release of [ 3 ~ f o r m y c iB
n dunng time

intervals of O, 10 or 20 min was measured as descnbed above. To test whether these
treatments affected ce11 viability, trypan blue dye exclusion or intracellular water volume
was measured. To determine intracellular volume, cells were incubated in Na- buffer for
30 min at 37OC, centrifùged, and resuspended in buffer as described above. M e r 20 min
at 37OC, '

~ 2 0(0.7

pCi/ml) or ['Hjpolythylene glycol (0.7 pCi/rnl) was added and cells

were incubated for a further 3 min. Cells were then centrifuged through oil and ce11 pellets
were assayed for tritium content.
The effects of inhibitors or permeants of nucleoside transport processes on release

B in Na' buffer
of [ 3 ~ f o m y c i B
n were evaluated. Cells were loaded with ['~]form~cin
for 30 min at 37OC. Ce11 aliquots ( 100 pl) were centrifùged (13,000 x g) for 5 seconds,
supematants were removed, and pellets were resuspended in 500 pl choline buffer in the
absence or presence of the nucleoside transport inhibitor phloridzin, dilazep, dipyridamole,

NBMPK or propentofylline or in the absence o r presence of the Nllcrftransporter
permeant adenosine or uridine. Cells were incubated for 10 or 20 min at 37°C and then
centrifùged through oil.

Measurements of [ 3 ~ 1 ~ d e n o s i Release:
ne
The effect of iodoacetic acid on
[3~]adenosinerelease was determined as described above, using cells loaded for 30 min
(37°C) with [)~]adenosine(IO pM; 1 pCi/mI).

RESULTS
Cellular Accumulation of [3EIJ~ormycin
B in L1210/MA27.1Cells: Cellular
uptake of [3~]formycinB was greater with cells in Na*buffer than with cells in choline
buffer; the rates of uptake were (mean k SEM) 7.6 t 0.3 p m o 1~o6 celldmin and 0.2 k 0.4
p m o ~ 1 0 celldmin,
6
respectively. For cells in Na*buffer, uptake of [3~formycin
B was

reduced by treatment of the cells with 2 rnM ouabain, 5 rnM iodoacetic acid or 1 mM
phloridzin; the rates of uptake were (mean k SEM) 1.5 f 0.2, 1.8 t 0.4, and 0.6 f 0.3
p m o ~o6
l cells/rnin, respectively (Fig. 1). Uptake of [3qformycin B was inhibited 23 -6%
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Fig. 1. Cellular accumulation of [3~formycin
B in L 1210/MA27.1 cells. Cells were
harvested then washed and resuspended in Na* (closed symbols) or choline (open
squares) buffer. Cells were incubated with ['~]form~cin
B (10 pM) in buffer alone
(squares) or in Na- buffer containing 2 mM ouabain (closed triangles), 5 mM iodoacetic
acid (closed circles), or 1 m M phloridzin (closed diamonds). Symbols represent rneans
and bars represent S.E.M. for 3 separate expenments, each performed in quadruplicate.

Fig. 2. Effect of extracellular Na- concentration on [ 3 ~ f o r m y c i n
B uptake by
L 12 10MA27.1 cells. Cells were harvested and washed then resuspended in buffer

containing 0, 6, 12, 30, 59 or 1 18 rnM NaCl. Choline chloride was added to maintain
constant osmolarity. Uptake of [3~]formycinB during 180 second intervals was
measured. Symbols represent means and bars represent S E M . of 3 expenments
performed in quadruplicate.

by 100 pM NBMPq 59.2% by 100 pM dilazep and 56.6% by 100 gh4 dipyridamole (data
not shownj. Sensitivity of [ ' ~ ] f o r m ~ c iBn uptake to Na' was determined by measunng
cellular accumulation in the presence of graded concentrations of NaCl. The ECro value
obtained by non-linear regression analysis was 12 m . Na- (Fig. 2).

Release of [ ' ~ ~ o r m ~ B
c ifrom
n
L12101MA27.1 Ceiis: Total ['H]formycin B
loaded in 70 min was 99000 k 12000 dpm/106 cells (mean IS.D.;
n = 2). Release was
stimulated by resuspending cells in Na- or choline buffer at 22°C. During 10 min
intervals, the percent of total loaded [3H"jforrnycinB that was released into Na-- or
choline-buEer was 3 1 + 4% (mean

+ S.D.)or 53 k 7%, respectively (Fig. 3).

The rate of

release of [ 3 ~ ] f o ~ y cBi nat 22OC was (mean k S.D.) 3.2 f 0.3 pmoV5 x 1o6 cellslmin in
choline buffer and 1.1 k 0.2 pmo~5x106cellslrnin in Na- buffer (Fig.3).

B loaded in 30 min was 90000 i.3000 dpm/lo6cells (mean f
Total ['~]fomi~cin
S.E.M.; n = 26). Release of [ j ~ ] f o r m ~ cBi nwas examined at 37OC in the presence of
several concentrations of Na-. No effect of Na- concentration on release at O min was
apparent (data not shown), however release at 10 or 20 min in buffer containing O or 30
mM Na- was significantly (p < 0.05, ANOVA with Tukey's HSD post-tests) greater than

release in buffers containing 1 18 rnM Na- (Fig. 4). The percent of total loaded
[3~]formycin
B that was released into Na'-buffer (1 18 mM NaCl) during 0, 10 or 20 min
was (mean f S.E.M) 16 f 1%, 54 f 1%, and 65 f I%, respectively. Release during 10 or
20 min (37OC) was 47% or 20% greater in buffer containing 1 18 rnM choline chlonde

than in buffer containing 1 18 m M NaCl (Fig.4).

Release of [.'HJformycin B was enhanced by treatment of loaded ceils with 2 mM
ouabain or 10 pM monensin for 10 or 20 min (Fig.5). FoUowing 20 min treatment with
ouabain or monensin, release of [ ' ~ f o r m ~ c iBn was significantly (p<0.05, paired t-test)
increased by 39% or 29%, respectively. In contrast, release was inhibited by treatment
with 5 mM iodoacetic acid Qig. 5). Release was significantly (p<O.OS, paired t-test)

inhibited by 35% relative to control, following 20 min exposure to 5 m M iodoacetic acid
(Fig. 5). Because the glycolytic inhibitor iodoacetic acid may elevate endogenous
adenosine levels, which could then competitively inhibit release of [3~formycin
B, we
tested the effect of iodoacetic acid treatment on tritium release following loading of cells
with [)~]adenosineQig. 6). Following 10 or 20 min treatments with iodoacetic acid.
tritium release was significantly increased by 303% or 364%, respectively. Ouabain,
monensin or iodoacetic acid treatment had no significant effect on intracellular volume or
on ce11 viability (data not shown).
Inhibitors of nucleoside transport processes were examined for effects on
[3~forrnycin
B release from L 121O/MA27.l cells (Table 1) and significant inhibition of
[3~forrnycin
B release was observed with each of the transport inhibitors used.
Phloridzin, which inhibits nucleoside uptake by Na--dependent but not by Na--independent

nucleoside transporters, produced significant inhibition of [3~formycin
B release only at
10 mM, the highest concentration used. Propentofylline, which can inhibit adenosine

uptake by both Na--dependent and Na--independent nucleoside transporters, significantly

B release at both 1 and 10 mM. The classical inhibitors of Na'inhibited ['~]fonn~cin
independent nucleoside transport, dipyridamole, NBMPR and dilazep, also produced

Fig. 3. Effect of extracellular Na- on release of [3KJformycinB from L 1210/MA27.1
cells. Cells were loaded with [3HlformycinB in Na- buffer for 70 min (37°C). Cells were
centrifuged bnefly (5 seconds, 13,000 x g) and extracellular [ 3 ~ f o m y c iBn was removed.
Cells were resuspended in Na- (filled triangles) or choline (filled squares) buffer at 22OC.
Release was terminated by centrifùging cells through oil. Symbols represent means and
bars represent S.D.of 2 separate experirnents, performed in quadruplicate.

Fig. 4. Effect of Na- concentration on release of [ 3 ~ f o ~ y cBi fiom
n
L 121OhAA27.1
cells. Cells were incubated with ['J3]fomycin B for 30 min (37°C)in the presence of Na'.
Cells were petleted (5 seconds; 13,000 x g) and extracellular [ 3 ~ f o r m y c i B
n was
removed. Cells were resuspended in buffers containing 0, 30,59 or 118 rnM NaCl at
37°C and incubated for 10 (open bars) or 20 min (closed bars) before pelleting through oil
(30 seconds; 13,000 x g). Release of [ 3 ~ f o m y c iB
n at O min was estimated with cells

resuspended into buEers at 4OC and was 3 1.6 - 14.7 pmol. Values for O min were
subtracted fiom values for 10 and 20 min release intervals. Bars represent mean f S.E.M.

of 3 separate expenments performed in quadruplicate. (*p<O. 0 5 ANOVA with Tukey 's
HSD post-test cornparhg [3wforrnY~in
B released in the presence of O, 30 or 59 mM
NaCl to that released at 118 mM NaCi).
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Fig. 5. Effect of ouabain, monensin or iodoacetic acid on release of [ 3 H J f o ~ y c iBn fiom
L12 10/MA27.1cells. Cells were loaded with [3~formycin
B (10

in Na- buffer for

30 min (37°C)- Cells were centrifuged briefly (5 seconds, 13,000 x g) and extracellular

B was removed. Cells were resuspended into Na' buffer (37°C) in the
[3~formycin
absence (open bars) or presence (fiiied bars) of 2 m M ouabain (top panel), 10 ph4
monensin (center panel) or 5 rnM iodoacetic acid (lower panel). Tritium content of
supematants was measured 10 or 20 min following resuspension. [ 3 ~ ~ o r m y cBi content
n
of supernatants at O min, determined by resuspending cells into Na* buffer (4°C) in the
absence or presence of ouabain, monensin or iodoacetic acid, was subtracted fiom 10 and
20 min values. Bars represent mean t S.E.M. for 3 separate experiments performed in

B release in the presence
quadruplicate (* p<0.05, paired t-test cornparhg ['~]form~cin
and absence of inhibitor).

significant inhibition of ['~]fomiycinB release; at 100 pM concentrations release was
inhibited by approximately 10Y0with dilazep and 25% with NBMPR or dipyridarnole. At
concentrations of 10 pM7 dipyridamole and NBMPR inhibited release by O - 10%. Of the
inhibitors tested and at the concentrations used propentofilline produced the greatest
inhibition of release (38%).
The effect of the nucleoside transporter permeants, adenosine and uridine, on
release of ['~]formycinB was tested (Table 2). In contrast to the inhibitory effects of

B during 10 or 20 min exposure to
nucleoside transport inhibitors, release of ['~]form~cin
adenosine or uridine at concentrations of 100 p M - 10 mM was significantly greater than
release in choline buffer alone. At 10 pM, the lowest concentration tested, release was
significantly greater than control following 20 min, but not 10 min, exposure to adenosine
or uridine. At concentrations of 100 pM - 10 mM, adenosine produced greater elevation
of [3~formycin
B release than did uridine.

DISCUSSION
The main finding of this study was that release of [ 3 ~ f o r m y c iB
n fiom

L 1210MA27.1 cells was Na'-dependent; removal of extracellular Na- or dismption of
B release.
transmembrane Na--gradients enhanced ['~]form~cin
As shown previously (Parkinson et al.. 1993; Crawford el a!.. 1990a), uptake of
nucleosides by mouse leukemic L 1210/MA27.1 cells, was inhibited by removal of
extracellular Na'. In the presence of physiological levels of Na-, the uptake of
[3~formycin
B during a 5 min interval was 5-fold greater than in the absence of Na'. An

EC50 value of 12 mM Na- was obtained, which agrees with the value ( 13 mM) for

Time (min)

Fig. 6. Effect of iodoacetic acid on release of [3~]adenosinefrom L 121O/MAî7.I cells.

Cells were loaded with 10 pM

la la de no sine in Na- buffer for 30 min (37OC).

Cells were

centrifbged briefly (5 seconds, 13,000 x g) and extracellular tritium was removed. Cells
were resuspended into Na- buffer (37°C) in the absence (open bars) or presence (filied
bars) of 5 rnM iodoacetic acid. Tritium content of supematants was measured I O or 20
min following resuspension. Tritium content of supematants at O min was determined by
resuspending cells into Na- buffer (4OC) in the absence or presence of iodoacetic acid and
was subtracted fiom values for 10 and 20 min release intervals. Bars represent mean

+

S.E.M. for 3 separate experiments performed in quadruplicate. (*p<O.05, * *p<O.O1;
paired t-test cornparing tritium release in the presence and absence of iodoacetic acid).

TABLE 1. Effect of nucleoside transport inhibitors on release of ~ ~ f o r m y c B.
in
Celis were loaded with ['~]form~cin
B. extracellular tritium was removed and cells were
resuspended in choline buffer (37°C) in the absence or presence of test compounds.
Following 10 or 20 min release intervals, tritium content of supernatants was determined.

in the presence of inhibitors is expressed as a percent of control
[ 3 ~ ~ o r m y cBi released
n
release (mean I SEM), determined in the absence of added compounds. Experiments
consisted of controls and two dmg concentrations and were perforrned in quadruplicate
and repeated at ieast three times.
Inhibitor

10 min

20 min

*p<O.05 ANOVA with Tukey's HSD post-test; relative to control values

' dissolved in 1% DMSO;[3~formycin
B released in 1%

DMSO was 99.1

+ 1.7 and

+

100.8 2.0 percent of control at 10 min and 20 min, respectively.
@

dissolved 0.1% DMSO; [ 3 ~ f o r m y c i n
B released in 0.1% DMSO was 97.8

99.8

+ 1 . 1 percent of control at 10 min and 20 min, respectively.

+ 1.9 and

TABLE 2. Effect of the nucleosides adenosine and uridine on release of
[.'~formycinB. Cells were Ioaded with [3HjformycinB, extracellular tritium was
removed and cells were resuspended in choline buffer in the absence or presence of test
compounds. Following 10 or 20 min release intervals, tritium content of supernatants was
determined. [ ' ~ ] ~ o r m ~ cBi released
n
in the presence of nucleoside is expressed as a
percent of control release (mean + SEM), determined in the absence of nucleoside.
Expenments, consisting of controls and two dmg concentrations, were performed in
quadrupiicate and repeated at least three times.
Nucleoside

10 min

20 min

Adenosine
10 m M
1 rnM

100 pM
10 CLM

Uridine
I O rnM

1 rnM

100 pM
10 CcM
*p<0.05 ANOVA with Tukey's HSD post-test; relative to control values

nucleoside transponer-mediated uptake of 6-mercaptopurine in rat intestinal brush-border
membrane vesicles (Iseki et al.. 1996). Phloridzm, an inhibitor of Na--dependent
transporters for glucose as well as those for nucleosides (Lee et al.. 1988; Lee et al..
1990). inhibited [3~formycin
B uptake by 73% over 5 min. Disruption of transmembrane
Na--gradients by blocking N a ' K ATPase activity with ouabain or by depressing cellular
ATP stores with the glycolytic inhibitor iodoacetic acid decreased [ 3 ~ ] f o ~ y cBi nuptake

to 30-3 5% of control.
Following loading of cells with [3~formycin
B, release was enhanced by removal
of extracellular Na-, or by treating cells with phloridzin, ouabain or monensin indicating
that nucleoside release fiom these cells is stimulated by conditions that perturb
transmembrane Na--gradients.
In contrast to the stimulatory effects of ouabain, monensin and Na- replacement,

the glycolytic inhibitor iodoacetic acid decreased [3flformycin B release. By depressing
intracellular ATP levels, iodoacetic acid can depress N a X - ATPase activity and cause
intracellular Na- overload (Gemba et al., 1994), and thus, would be expected to have
similar effects on nucleoside release as ouabain and monensin. We hypothesized that. by
depressing ATP levels, iodoacetic acid elevated levels of intracellular adenosine which
B. Consistent with this hypothesis,
then competitively inhibited release of [3~]formycin

we found that iodoacetic acid stimulated tritium release in cells loaded with ['~]adenosine.
The difference in release of these two compounds indicates that [3~]adenosine
is the
better permeant for outward transport. Previously, it has been shown that Na'-dependent
influx of 1 pM adenosine (1 90 pmoV 1og cellds) was approximately 8-fold faster than that

of 1 pM formycin B (24 pmoV 1og cellds) in L 12 10 cells (Crawford et al., 1W O b ) and that
adenosine has greater affinity than formycin B for Nllczftransporters (Vijayalakshrni and
Belt 1988).

An interesting hding of these studies was that treatment of cells with phloridzin,
ouabain or Na--replacement buffer was more effective in inhibiting ['~]form~cin
B uptake
than in stimulating [3HlformycinB release. At least three factors may contribute to this
difference. First, each of these treatments rnay elevate intracellular adenosine levels. In
this case, total nucleoside release may be underestimated by measunng [ 3 ~ f o r m y c iB
n
release, since sirnultaneous release of nonradioactive adenosine may competitively inhibit
['~]forrn~cin
B release. Second, uptake studies were performed with cells pretreated with
the desired buffers and dmgs; however, since pretreatment was not possible for release
studies, release was measured from the beginning of exposure of cells to the various
treatment conditions. Because the dmgs were not at equilibration with their respective
target sites prior to initiation of release, this could Iead to underestimation of the effects of
the ce11 treatments on ['~]form~cin
B release. Third, the finite intracellular volume of the
cells meant that intracellular ['~]form~cin
B concentrations were not constant for the
duration of the release time intervals. Each of these three factors would have the effect of
lowenng the measured [3~formycin
B reiease.
Differences were also observed in the Na*concentration-dependence of
['~]formycin B uptake and release; for exarnple, uptake was unaected but release was
stimulated by reducing the buffer Na- concentration from physiological to 30 mM. This
may indicate that intracellular levels of Na' are higher in cells used for release assays than

in ceils used for uptake assays. It is possible that intracellular Na- levels are elevated pnor
to initiation of release intervals, since ceIls are loaded with [ 3 ~ f o m y c iBn in the presence
of Na- bufFer.

B was depressed by millimolar concentrations of low
Release of [3~formycin
affinity inhibitors of Na--dependent nucleoside transporters, such as propentofjdline
(Parkinson et al., 1993)and phlondzin (Lee et al.. 1988;Lee et al., 1990). Release was
also decreased by 10 - 100 pM concentrations of NBMPR, dipyridamole and dilazep,
inhibitors that at nanomolar concentrations are selective for Nav-independentnucleoside
transporters (Cass, 1995). Several studies have measured adenosine release in the
presence or absence of NBMPR or dipyridamole at concentrations of 1O

-

100 pM

(Hoehn and White, 1990;Craig and White, 1993;Green, 1980; Cunha et al.. 1996).
Inhibition of release has been interpreted as evidence of release mediated by equilibrative
transporters. However, the present study indicates that NBMPR, dipyridamole and
dilazep can inhibit nucleoside uptake and release rnediated by Na'-dependent transporters.
Thus, high (> 10 pM) concentrations of these compounds should be used with caution in
investigations of cellular release mechanisms for nucleosides.
Stimulation of release by adenosine and uridine may indicate trans-acceleration in
the absence of a Na'-gradient. This phenornenon, cornrnody observed with Na'independent nucleoside transporters (JaMs, 1986), c m occur when transporter permeants
are simultaneously present on both sides of the membrane. In the presence of a Na'gradient, Na'-dependent transporters function as symporters and translocate nucleosides
in an inward direction. As long as the Na'-gradient is maintained, the intracellular

accumulation of permeants does not appear to affect permeant uptake. Our data suggest.
however, that disruption of transmembrane Na*-gradients may uncouple nucleoside
transport from Na' translocation, and in this situation transport of nucleosides in one
direction may accelerate the transfer in the opposite direction.
Carrier-mediated release of neurotransrnitters, including glutamate, GABA and
dopamine, has been demonstrated by elevating intracellular Na- levels. replacing
extracellular Na', blocking Na'K- ATPase activity, or inhibiting glycolysis (Gemba et al..
1994; Eshleman et a(., 1994; Levi and Raiteri, 1993; Behage et al.. 1993). Furthermore,
it has been suggested that carrier-mediated release of glutamate is a significant source of
excitotoxic extracellular glutamate in cerebral ischemia (Szatkowski and Attwell, 1994).
Adenosine released via reversal of Na--dependent nucleoside transporters may contnbute
to the micromolar levels of extracellular adenosine that arise dunng cerebral ischemia.
Molecular evidence indicates that mRNA for N llcijand N2lcit transporters is widely
distnbuted in brain (Anderson et al., 1996). Other sources that may contribute to elevated
extracellular adenosine levels include release via Na*-independent transporters and release
of ATP followed by enzymatic dephosphorylation to adenosine.
In summary, we have demonstrated that by disrupting transmembrane Na+gradients, reversa1 of Na--dependent nucleoside transporters can mediate cellular release
of nucleosides. The evidence that this release is transporter-mediated includes inhibition
by transport inhibitors and stimulation by transporter permeants. Adenosine, a nucleoside
with diverse receptor-mediated effects, may be released from cells by this process dunng

conditions, such as ischemia, that depress cellular transmembrane Na*-gradients by
compromising intraceiIu1a.r ATP levels and/or Na'iK- ATPase fùnction.
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Chapter 3. Effect of Adenosine Receptor Agonists on Release of the Nucleoside

Analogue [ ' ~ ] ~ o r m ~ cBi from
n
Cultured Smooth Muscle DDT1 MF-2 CeUs

ABSTRACT
Four receptor subtypes for adenosine have been characterized. We examined
whether the stimulation of adenosine receptors has a regulatory effect on transportermediated nucleoside release. We used DDT, MF-2 srnooth muscle cells which possess
only nitrobenzylthioinosine (NBMPR)-sensitive transporters as well as both Al and Ah
receptors. CeUs were loaded with the metabolically stable nucleoside analogue
['~]form~cin
B and then resuspended in buffer. Release of ['~]formycin B fiom cells
was inhibited by the transport inhibitor NBMPR indicating that release was mediated by a
nucleoside transport process. Neither N-ethylcarboxarnidoadenosine (NECA) nor CGS
2 1680 affected release. Cyclohexyladenosine (CHA) produced a concentration-dependent

inhibition of [ 3 ~ f o r m y c iBn release with an ICsa value of 3 - 6 W. Inhibition of release
by CHA was not blocked by dipropylcyclopentylxanthine indicating that the effect of CHA

was not due to stimulation of Al receptors. We performed cornpetition binding studies
with [ 3 w N Band
~ graded
~ ~ concentrations of CHA and found that CHA inhibited

['HINBMPR binding to the es transporters with a K,value of 2.9 W. Thus, CHA
inhibited ['~]formycinB release by direct interactions with transporters. We conclude
that reiease of the nucleoside formycin B fiom DDTl MF-2 cells is not regulated by
adenosine Ai or Ah receptor activation.

- ---

Borgland SL and Parkinson FE. 1997. EEect of adenosine receptor agonis& on release of the nucleoside
analogue ['~fomycinB fiom cultured smooth muscle DDTi MF-2 cells. Eur I Pharmacol. Subrnitted.

IiYTRODUCTION
Adenosine, an endogenous nucleoside with autocrine and paracrine regulatory
actions, is formed fiom the dephosphorylation of ATP. The concentration of this
nucleoside is tightly regulated by purine enzymes as well as by transport processes.
Intracellular adenosine concentrations are kept at nanomolar concentrations due to the
activity of the enzymes adenosine kinase, which phosphorylates adenosine to adenosine
monophosphate, and adenosine deaminase, which deaminates adenosine to inosine (Geiger
and Fyda, 1991). Nucleoside transporters catalyze the movement of nucleosides across
biological membranes. There are two broad classes of transport proteins (Griffith and
Jarvis, 1996) which facilitate the movement of adenosine across cellular membranes.
Under normal conditions, sodium~nucleosideCO-transportersmove adenosine
unidirectionally into cells by utilizing the sodium gradient (Cass, 1995). Equilibrative
(sodium-independent) transporters c m move adenosine bidirectionally across plasma
membranes by facilitated difision. Equilibrative transporters can be fùrther subdivided
into two classes, equilibrative-sensitive (es) and equilibrative-insensitive(ei), based on
their sensitivity to inhibition to nanomolar concentrations of nitrobenzylthioinosine

(NBMPR), (Vijayalakshmi and Belt, 1988).
Nucleoside transport processes are important components of nucleoside salvage
pathways and provide cells with nucleosides essentiai for maintaining cellular metabolism.
In addition, nucleoside transporters regdate interstitial levels of adenosine. Inhibitors of
es equilibrative transporters, such as NBMPR inhibit the removal of adenosine from the

interstitium. As a result, adenosine persists in the extracellular environment and is

available to interact with adenosine receptors. Thus, the receptor-mediated effects of
adenosine cm be potentiated by nucleoside transport inhibitors (Geiger and Fyda, 1991).
Four adenosine receptor subtypes have been characterized and cloned and are
termed Ai, AL, A2b,or A3 (Fredholm et ai., 1994). Activation of Ai and A3 receptors is
generally inhîbitory as adenylyl cyclase activity is inhibited. Ai receptors can enhance Kconductance (Belardinellini and Isenberg, 1983) and inhibit ca2- conductance (Dolphin et
al., 1986). Ah and AZ4receptors are Gs protein h k e d stimulatory receptors that enhance

CAMPformation.
Cellular release of nucleosides via equilibrative transporters has been previously
demonstrated with human erythrocytes (Plagemm and Woffendin, 1989) and hamster

DDTl MF-2 cells (Foga et al., 1996). Studies with bovine chromaffin cells or pig kidney
cells indicate that nucleoside uptake may be regdateci by CAMP-dependent
phosphorylation (Sen et ai., 1993; Sayos et al.. 1994). Forskolin or CAMPanalogues
decreased both adenosine uptake and ['H]NBMPR binding in these ce11 preparations.
Furthemore, activation of protein kinase C has been s h o w to inhibit adenosine uptake in
chromaffin cells (Delicado et ai., 1991). The effects of signal transduction pathways on
release of adenosine have not been studied as extensively as their effects on uptake
because intracellular concentrations of adenosine are maintained at low Ievels.
Nevertheless, Sweeney (1996) demonstrated that alteration of G protein function
infiuenced adenosine release via equilibrative transporters in cultured cerebellar granule
neurons. Thus, it appears that signal transduction mechanisrns can affect the fùnction of es
transporters, at least in some ce11 systems.

Since adenosine that is released from cells c m activate its ce11 surface receptors,
this study was designed to test whether adenosine receptor activation affects transportermediated release of nucleosides. For this study we chose DDTl MF-2 smooth muscle cells,
which appear to possess only nucleoside transporters of the es nibtype (Parkinson et al.,
19%) as well as Al and Ah adenosine receptors (Ramkumar et al., 1989). We

B, a poorly metabolized nucleoside analogue
investigated cellular release of ['~]forrn~cin
(Plagemann and Woffendin, 1989; Dagnino and Paterson, 1990; Wu et al., 1993) which
can pemeate es transporters in DDTl MF-2 cells (Parkinson et al., 1996).

MATERIALS AND METHODS
Materîals: [ 3 ~ ~ o r m y cBi was
n purchased fkom Moravek Biochemicals (Brea,

CA) and [3~nitrobe~lthioinosine
was obtained from DuPont Canada (Mississauga,
Ontario). Cyclohexyladenosine (CHA), nitrobenzylthioinosine (NBMPR),

dipropylcyclopentylxanthine (DPCPX), CGS 2 1680, and N-ethylcarboxamidoadenosine
(NECA) were purchased from Research Biochemicals International (Natick, MA).
Fomycin B. Triton X- 100, trypan blue and HEPES were obtained from Sigma Chemicai
Co. (St. Louis, MO). Dulbecco's modified Eagle's medium and fetal bovine serum were
obtained from Gibco BRL (Burlington, Ontario). Dilazep was provided by F. HoffmannLaRoche Ltd. (Basel, Switzerland).
Ce11 Culture: DDT1 MF-2 smooth muscle cells, originally isolated From steroid-

induced leiomyosarcoma of Syrian hamster vas deferens (Noms et al., 1974), were
obtained from Arnencan Type Culture Collection. Ceils were grown in suspension and

maintained as exponentidy proliferating cultures in Dulbecco's modified Eagle's medium
suppfemented with 4.5 g/l glucose, 5% quaiified fetal bovine serum and 2 rnM L-glutamine

as previously described (Parkinson et al., 1996).
[ 3 ~ ~ o r m y cBi nEfflux Measurements: Cells were harvested by centrifugation
(100 x g for 10 min), washed twice (100 x g for 5 min) and resuspended (3 x 1o6celldml)

in physiological buffer containing NaCl, 120 mM; MgC12, 1 mM; K2HPOr, 3 mM; CaC12,
1-2 mM; 4-(2-hydroxyethy1)- 1-piperazineethanesulfonicacid (HEPES), 20 mM; and
glucose, 10 rnM. Osmolarity of the buffer was adjusted as necessary to 300 k 10
mOsmol and pH was adjusted to 7.4 with NaOH.
M [j~]formycinB, a metabolically stable
Cells were loaded 1 h at 22OC with 10 j

nucleoside analogue

wu et al., 1993) that is a permeant for nucleoside transporters in

DDTl MF-2 cells (Parkinson and Geiger, 1996). Cells were pelleted (5 sec, 1 1,000 x g),
extracellular ['~]formycinB was removed and pellets were placed on ice. Release was
stirnulated by resuspending cells in 500 pl buffer alone or buffer containing 10 pM

NBMPR, an inhibitor of es nucleoside transporters; 30 .LMor 300 nM C m a selective
Ai receptor agonist; 30 pM NECA, an Ai/A2 rnixed agonist; 10 @d DPCPX,an A,
receptor antagonist; or 10 pM CGS 2 1680, a selective Ab receptor agonist. Cells were
incubated for 90 seconds at either 22OC or 37OC and then a 400 pl aliquot was centrifuged
(30 sec; 16,000 x g) over oil(85 parts silicon oil: 15 parts paraffin oil; 200 pl) to separate
cells fiom the extracellular medium. Sarnples of the supernatant were taken for
radioactive determination by liquid scintillation spectroscopy. The microcentrifuge tubes

were washed three times with dHzO, the oil was removed, and the pellets were dissolved in
10% Triton X- 100 for determination of radioactivity.
Cell viability was assayed by trypan blue exclusion at the end of each expenment
and was routinely greater than 95%.

[3~]~itrobenzylthioinosine
Binding: Cells were harvested, washed twice and
resuspended in buffer as above. Cells, 25,000 per ml assay volume, were incubated
(22OC) with 0.5 n M ['H]NBMPR and CHA ( I O nM-100 PM) for 1 hour and reactions

were terminated by filtration through Whatman GFB filters using a Brande1 ce11 harvester.

Total binding was measured in the presence of ['H]NBMPR alone and nonspecific binding
was measured in the presence of 100 pM dilazep. [

3

~

concentrations
]
~
were
~

~

corrected for ligand depletion. The Ki value for CHA was determined with the Cheng and
value for NBMPR of 0.26 nM
Pmsoff equation (Cheng and Pmsoff. 1973) using a KI>
(Parkinson et al., 1996).
Data Analysis: [ 3 ~ ~ o m y cBi release
n
measurements were in triplicate and
[

3

~

~ binding
~ M measurements
P ~
were in duplicate. Each experiment was performed at

least three times and al1 values are reported as mean f S.E.M. Nonlinear regression was
performed using the software package GraphPad PRISM version 2. To test for significant
differences between two means, t-tests were used. To test for significant differences
between three or more means, data were analyzed using a one way ANOVA with a
Bonferroni post-hoc test. A significance level of ~ 2 0 . 0 5was chosen opriori.

~

~

RESULTS
Release of [3~formycin
B in the presence of the transport inhibitor, NBMPR (10
pM), was sigruficantly inhibited by 43% at 22°C and 37% at 37°C (Fig. 1). The Al

receptor agonist CHA (30 @Q sigNficantly inhibited [ 3 ~ f o r m y c iB
n release by 4 1% at
22°C. Release at 37°C in the presence of CHA was inhibited by 20%, however this was

not statisticaily significant. [ 3 ~ ~ o n n y cBi nrelease was not significantly increased in the
presence of the AI/A2 mixed receptor agonist, NECA (30 pM) (Fig. 1). The selective Ah
receptor agonist, CGS 21680 (10 pm), did not alter [3~formycin
B release (Fig. 2).
To examine further the effect of CHA on release of ['~]formycin B, we examined
release in the presence of O. 1 pM to 30 ph4 CHA. Concentration-dependent inhibition of
[3H-jformycinB release by CHA was observed with a haif maximal inhibition constant
(ICSa) of 2.7

+ 1.5 p M at 22OC and 6.4 k 1.5 pM at 37°C (Fig. 3). These values were not

significantly different.
To test whether this inhibition of [ 3 ~ f o r m y c iB
n was due to stimulation of Al
receptors, the effect of the selective Al receptor antagonist, DPCPX (IO CiM), was
investigated (Fig. 4). DPCPX had no effect on release and did not reverse the inhibitory
effect of CHA indicating that the effect of CHA was not due to stimulation of Al
receptors.
B release directly by
To evaluate whether CHA was affecthg ['~]forrn~cin
blocking the es transporter, we performed cornpetition binding assays with ['H]NBMPR

Buffer

NBMPR

CHA

NECA

Fig.1. Release of [ ' ~ ] ~ o r r n ~ cBi (10
n pM) from DDT,-MF-2 smooth muscle cells in the

presence of 10 pM NBMPR, 30 pM CHA or 30 pM NECA at 4OC (open bars), 22OC
(filled bars) or 37°C (hatched bars). Bars represent mean + SEM from at least 3
expenments (*p<0.05;ANOVA with Bonferroni post-hoc test).

Buffer

CGS 21680

Fig. 2. Release of [ 3 ~ ] ~ o r m y cB
i nFrom DDTl MF-2 smooth muscle cells in buffer or

buffer with 10 pM CGS 2 1680 at O°C (open bars), 22°C (filled bars) or 37°C (hatched
bars). Bars represent mean k SEM from three expenments.

-7

-6

-5

-4

log CHA concentration (M)

Fig. 3. Concentration-dependent inhibition of ['~]form~cin
B release by CHA at 22OC
(triangles) or 37OC (squares). Release was stimulated by resuspending cells in either 22°C
or 37°C buffer containing 0.1 pM to 1 rnM CHA. Symbols represent mean k SEM of at
least 3 experiments. Control represents release in the absence of CHA.

Buffer

CHA

CHA+DPCPX DPCPX

Fig. 4. Release o f ['~]formycin B from DDTI MF-2 smooth muscle ceils in the presence

of buffer, or buffer containing 30 pM CHA, 10 pM DPCPX,or I O pM DPCPX and 30
p M CHA. [ 3 ~ ] ~ o n n y c B
i nrelease at 4OC (open bars), 22OC (filled bars), or 37°C

(hatched bars) was measured. Bars represent mean f SEM o f at least 3 experiments.
(*p<0.05, **p<0.0 1 ; ANOVA with Bonferroni post-hoc test).

log CHA concentration (M)

Fig. 5. Concentration-dependent inhibition o f site-specific [

3

~

~ (0.5
~ nM)
M binding
P ~

by CHA ( 1O nM to 100 pM). Cells (25,000/mlassay volume) were incubated for 1 h with
radioligand and graded concentrations o f CHA. Site-specific binding (control) o f
['H]NBMPR was the difference between binding in the absence and presence of dilazep
(100 pM) or unlabeled NBMPR ( 1

m.Symbols represent mean k SEM of three

experiments performed in duplicate.

Buffer

CHA

CHA+DPCPX

DPCPX

Fig. 6. [ ' ~ ] ~ o r m ~B
c irelease
n
in the presence of buffer alone, 300 nM CHA, 300 nM

CHA and 10 pM DPCPX, or 1 O pM DPCPX aione. Release was stimulated at 4°C (open

bars), 22OC (filled bars) or 37°C (hatched bars). Bars represent mean t SEM of three
expenments.

(Fig. 5). C m produced a concentration-dependent inhibition of [

3

binding to

~

~

DDTl MF-2 ceUs and an Ki value of 2.9 r 0.5 pM was obtained.
A concentration of CHA (300 nM) that did not inhibit [

3

binding but~

c m cause significant activation of Al receptors in these cells (data not shown), was
examined for inhibition of [ j ~ ] f o r m ~ cB
i nrelease (Fig. 6 ) . At this concentration, CHA did
not inhibit release of ['~]forrn~cin
B from DDTl MF-2 cells.

DISCUSSION
The main finding of this study was that ['~]form~cin
B release from DDT, MF-2
cells was not modulated by Al or Az, receptor stimulation but was inhibited by
compounds that directly blocked nucleoside transport processes.
We used a poorly metabolized inosine analogue, formycin B. for this study
because adenosine is rapidly metabolized by intracellular and extracellular enzymes. Thus,
it is difficult to achieve a stable releasable pool of intracellular adenosine. While it is
possible to load cells with [)~]adenosinein the presence of inhibitors of adenosine
metabolism, several inhibitors of adenosine metabolism, such as the adenosine kinase
inhibitor iodotubercidin, can block nucleoside transport processes and interfere with
uptake or release assays (Parkinson and Geiger, 1996). Formycin B is a poorly
metabolized nucleoside that is a permeant for es nucleoside transporters and equiiibrates
across ce11 membranes (Cass, 1995). These properties make formycin B a useiùl probe for
assaying cellular release of nudeosides.

~

Ceils were loaded with [3~forrnycin
B by imposing an inwardly directed
concentration gradient. Release was initiated by removing extraceilular [3~formycin
B
and resuspending cells in buffer, a procedure that reversed the concentration gradient.
Release was inhibited by the transpon inhibitor NBMPR, indicating that release occurred
through es transporters. [ ' ~ ] ~ o r m ~ B
c irelease
n
through es transporters in human
erythrocytes has been observed previously (Plagemann and Woffendin, 1989).
To determine if there was a temperature-dependence of transporter fùnction, we

B from cells
measured release at either 22°C or 37OC. Release of [3~forrnycin
resuspended in buffer at 22OC was equivalent to release at 37OC dunng the 90 sec release
intervals. Extracellular ['~]formycinB was present following resuspension of cells in
buffer at 4OC which is likely due to a small volume of residual loading buffer. However,
this amount was consistent between experiments; furthemore, release at 4OC was not
inhibited by NBMPR and therefore was not es transporter mediated. Extracellular
tntiated nucleoside associated with celis resuspended into buffer at 4OC has aiso been
observed in other studies investigating nucleoside release processes (Borgland and
Parkinson, 1997; Foga et al., 1996).
For these expenments, maxirnally effective concentrations of Al and Ab receptor
agonists were chosen so as to cause significant receptor activation with a minimum release

B release by 30 pM CHA was observed
interval. Significant inhibition of [3~]formycin
with ICro values of 3 - 6 W. Previously, CHA has been shown to inhibit [3~]adenosine
accumulation in rat brain cells with a Ki of 14.5 pM (Geiger et al., 1988). However, the
Ai receptor antagonist DPCPX did not reverse the inhibition of ['~]form~cin
B release by

CHA. This indicates that inhibition of release by CHA was not mediated by Al receptor

activation. We tested whether CHA could interact directiy with es transporters and found
binding with a Ki value similar to the ICso value for
that CHA inhibited ['HJNBMPR
inhibition of [3~formycinB release. Sirnilarly, in rat brain preparations, an ICIa value of
8.8 pM was obtained for the displacement of [
1985). A concentration of CHA that did not block

3

[

binding by ~CHA (Geiger
~ et ai.,
3

binding but~ was

~

B release. This
effective in adenosine Al receptor assays had no effect on [3~forrnycin
indicates that inhibition of [3~formycinB release from DDTl MF-2 cells by CHA was
due to direct inhibition of es tramponers.
No effect on [ ' ~ ] f o n n ~ c iBn release was observed with NECA, a mixed A1/A2
receptor agonist, or CGS 2 1680, a selective Az receptor agonist. Sirnilarly, NECA had
little effect on adenosine accumulation in rat dissociate brain celis (Geiger et al., 1988).
Thus, nucleoside release from DDT1 MF-2 cells was not regulated by adenosine A2
receptor activation. In contrast to our results, NECA enhanced adenosine transport in
cultured bovine chromaffin cells (Deligado et al., 1990). The mechanism of this effect is
not clear, however, since the effects of NECA were not rnimicked by forskolin, which may
indicate that adenosine receptors stimulatory for adenylyl cyciase were not involved.
Previous studies investigating regulation of nucleoside uptake have focused
primarily on direct stimulation of components of second messenger pathways. Delicado et
al. (1 99 1) found that protein kinase C activators inhibited nucleoside uptake in cultured

c h r o m f i cells. Inhibition of adenosine uptake by CAMP analogues or direct stimulation

of adenylyl cyclase with forskolin has also been demonstrated (Sen et al., 1990). In

~

~

~

cerebellar granule cells, Sweeney ( 1996) observed t hat pertussis toxin decreased
adenosine release while cholera toxin potentiated adenosine release, indicating that the
activity of equilibrative transporters in cerebellar granular cells was modulated by
activation of G proteins. Thus, depending on the ce11 type, activators of CAMPformation
have been shown to increase or decrease the activity of nucleoside transponers. In the
present study with DDTl MF-2 cells, we found no effect on nucleoside release processes
by concentrations of NECA or CGS 2 1680 that activate adenosine Ab receptors and
increase CAMPleveis.
In sumrnary, Ai and Az adenosine receptor stimulation does not rnodify
[ 3 ~ f o m y c iBn release fiom DDT, MF-2 smooth muscle cells. The inhibition of
[3~formycin
B release observed with 30 pM CHA was due to direct interactions with the
transport process and not to receptor stimulation.

Chapter 4. Modulation of Adenosine Receptor Activity by PropentoWUine in
Chinese Hamster Ovary Ce11 Lines Transfected with Human At, Ai, or A2b
Receptors

ABSTRACT
PropentoQlline is a xanthine derivative shown to be neuroprotective in vivo.
Propentofylline has been shown to block adenosine transport processes which would be
expected to potentiate adenosine receptor stimulation. However, propentofjdline has also
been shown to antagonize adenosine receptors direaly. Furthermore, propentoGlline is a
weak CAMPphosphodiesterase inhibitor, an effect which would mirnic some of the
receptor-rnediated effects of adenosine. We investigated the concentration dependent
inhibitory effects of propentofylline on CAMPphosphodiesterase. adenosine transport
processes, and adenosine Al, Ab and AZbreceptors. We used CHO celis which were
transfected with human adenosine Al, Ah or Azb receptors and a luciferase reporter gene
under control of a promoter sequence containing several copies of the CAMPresponse
element. Cells were treated with the dmgs of interest for 30 minutes at 37"C, washed and
incubated for 3.5 hours at 37OC,and assayed for luciferase activity. At concentrations of 1
and 10 mM, propentofilline increased luciferase activity probably due to inhibition of
CAMPphosphodiesterase. Uptake of [3~]adenosine(30 min) was inhibited by
propentoQlline with ICso values of O. 17 mM, 0.14 mM and 0.18 mM for Al, Ah and AZb
receptor-transfected cells, respectively. The effect of propentofjdline on agonist-mediated
changes in luciferase was examined using the rnixed A1/A2 agonist NECA Propentofylline
did not inhibit NECA-stimulated

receptors but a trend towards inhibition of Al

receptors and significant inhibition of Az, receptors was observed. The effect of
propentofylline on adenosine-rnediated changes in luciferase was examined.
Propentofylline did not modi& adenosine-mediated changes of luciferase in cells
expressing AZbreceptors or in forskolin-stimulated cells expressing Al receptors.
However, propento@lline(10 CLM) inhibited adenosine-stimulated Ah receptors. In this
expenmental system, propentoSlline did not potentiate the effects of adenosine. Whether
propentofylline can potentiate the effects of endogenously produced adenosine, for
exarnple, to enhance the neuroprotective effects of adenosine, remains to be determined.

INTRODUCTION
Adenosine, fonned frorn the breakdown of 5'-adenosine triphosphate, is an
endogenous neuroprotective agent that is released from cells under conditions of
metabolic stress (Rudolphi et al., 1992a) and acts on one of four cloned ce11 surface
receptors termed AI, Al, Atbror Al (Fredholm et al., 1994).
Al receptors are abundant in brain and stimulation of these receptors can decrease

CAMPformation, increase K*conductance and decrease ca2- conductance (Rudolphi et
al., 1992b). Stimulation of Ai receptors leads to presynaptic inhibition of release and
postsynaptic inhibition of action of excitatory neurotransmitters, particularly glutamate
(Andiné et al, 1990; Dunwiddie, 1985). Adenosine AL and AÎbreceptors are coupled to
activation of adenylyl cyclase via stimulatory G-proteins. Adenosine AL receptors, are

mainly localized in the dopamine rich regions of the brain (Ferré et ai., 1992) whereas Alb
receptors appear to have a ubiquitous distribution. The role of adenosine A3 receptors in
the brain is poorly characterized.

Once formed intracellularly, adenosine can be released via nucleoside transporters.
Although both sodium-dependent and sodium-independent transporters exist, the latter are
generally implicated in the release of nucleosides under conditions of metabolic stress

(Griffith and Jarvis, 1996). These bi-directional transporters can be further subdivided in
to equilibrative-sensitive (es) and equilibrative-insensitive (ei) based on their sensitivity to
the nucleoside transport inhibitor nitrobenzylthioinosine (Cass, 1995). Since inhibitors of
nucleoside transport can increase extracellular concentrations and thereby enhance
receptor-mediated effects of adenosine (Dresse et al., 1982), novel pharmaceuticals using
this strategy have been proposed.
Propentofjdline is a novel xanthine derivative in late-phase clinical trials that is
known to be neuroprotective »> vivo (Mrsulja et al., 1985; DeLeo 1987; Dux et al., 1990).

In animal studies, it has been shown to reduce neuronal damage due to ca2- accumulation
in cerebral ischemic gerbils (DeLeo et al., 1987) and rats (Hagberg et al., 1990). In
humans, a significant clinical improvement in cognitive function has been observed in
treatment of dementias due to cerebrovascular disease and Alzheimer's disease (Moller et
al., 1994).
Aithough the exact mechanism of action of propentoS>lline has not been fully
elucidated, it has several effects at the cellular level which may be responsible for its
neuroprotection. Neuroprotective effects of propentofilline are consistent with elevation
of adenosine levels in ischemic brain (Andiné et al., 1990). Propento£jdline can block three
adenosine transponer subtypes; es, ei, and the sodium-dependent Nllcif (Parkinson et al.,
1993). Thus, neuroprotective effects of this drug may result fiom inhibition of adenosine

transpon resulting in an elevation of extracellular adenosine levels and thereby an
enhancement of adenosine Al andior A2 receptor stimulation (Parkinson et al., 1994).
Propentofjdline has aiso been shown to inhibit neutrophii activation (Banati et al., 1994)
and stimulate nerve growth factor (Nabeshima et ai., 1993), although the molecular
rnechanisms that mediate these effects have not been identified.
However, similar to other xanthine derivatives, propentofjdline is able to
antagonize Al, Ah and AZbreceptors (Fredholm et ai., 1992) as well as inhibit cyclic
nucleotide phosphodiesterase isoforrns (Meskini et al., 1994). Although this compound
can block adenosine receptors, we hypothesize that there are concentrations at which
propentofjdline can potentiate rather than inhibit adenosine-mediated effects.
In this study, we investigated the concentration dependence of propentofjdline for
enhancing the receptor-rnediated effects of adenosine using three Chinese Hamster Ovary

(CHO) ceil lines which have been stably transfected with different human adenosine
receptors; Al, Ah, or A2b (Castaiion and Spevak, 1994). These celis have integrated in
their genome a luciferase reporter gene under control of a promotor sequence containing
several copies of the CAMP response element (Himmler et al., 1993). The activity of the
reporter gene is dependent on cellular levels of CAMPand cm be monitored by
bioluminescence.

MATERIALS AND METHODS

Materials: Adenosine, forskolin, Tris and Triton X- 100 were purchased fiom

Sigma Chernical Co. (St. Louis, MO). N-Ethylcarboxamidoadenosine (NECA)and CGS

2 1680 were obtained fiom Research Biochemicals International (Natick, MA) and

['Hladenosine was fiom DuPont NEN (Boston, MA). G-418 (geneticin), MEM amedium and dialyzed fetal bovine s e m were purchased fiom Gibco BRL (Baltimore.

MD). Luciferase Substrate was obtained ffom Promega (Madison, WI). PropentoIyKne
was generously donated by Dr. K. Rudolphi (Hoechst AG; FranidÙrt, Germany).

Cell Culture: Three Chinese Hamster Ovary (CHO) ce11 lines, transfected with
human adenosine At, Ah or A2b receptors and a luciferase reporter gene under control of a
promotor sequence containing several copies of the CAMPresponse element, (Castailon
and Spevak, 1994) were obtained fkom Dr. Castailon (Ernst Boehringer Institute; Viema,
Austria). The ce11 lines were maintained as exponentially proliferating cultures in
nucleotide free MEM a-medium supplernented with 10 % dialyzed fetal calf semm and the
neomycin analogue G-4 18 (700 pg/rnl). For assays, cells were seeded on 6-well plates
and used when confluent.
Luciferase Assays: CHO cells in 6 well plates were washed with serum-free

media. For ail experiments dmgs were prepared in semm free media and applied to cells in
a volume of 2 ml for 30 min at 37°C. M e r 30 min, cells were washed with serum fiee
media and incubated for 3.5 h at 37OC also in serum-fkee media. After 3.5 h, celis were
washed with citrate-saline buffer (134 rnM KCl, 15 mM sodium-citrate; pH adjusted to
7.0-7.4) and scraped fiom ce11 culture plates. Cells were centrifuged (2 min; 13,000 x g)

and buffer was removed. Ce11 pellets were resuspended in 100 pl Tris-Triton solution
(1 00 mM Tris, pH 7.8; 0.1% Triton X-100) and incubated at 4OC for 15 min. Aliquots

were centrifuged (15 min; 4°C; 13,000 x g) to pellet nuclei. Supematants were transferred

to Fresh microcentrifuge tubes. Aliquots (20 pl) were used for luciferase assays and 50 pl
aliquots were used for protein detenninations. Bioluminescence due to luciferase activity
was measured on a luminometer (Biocan Scientific; Tropics) afler addition of Luciferase
Substrate (Promega; Madison WI).
Cells were treated with propentoQlline (1 pM - 10 mM) to test for direct effects of
propentofylline on luciferase. The effect of propentofylline (10 pM - 10 mM) on agonistmediated changes in receptor activity was assayed in each ce11 line using the AJA2 mixed
agonist NECA (1 pM for Al receptors; 100 n M for Ah receptors; 10 @id for
receptors). Concentrations of NECA were chosen according to ECla values obtained by
CastaÏion and Spevak (1994). CHO cells transfected with Al receptors were stimulated
with 2 pM forskolin (Castaiïon and Spevak, 1994). Concentration dependence o f
adenosine (10 n M

- 1 rnM) on Ai receptors in forskolin-stimulated cells was examined.

For cells expressing Ab or A2b receptors, adenosine concentrations of 100 n M to 1 mM
were used. To determine the effect of propentofilline on adenosine-mediated Al receptor
stimulation, adenosine (1 CiM) and propentoGlline (1 ph4 - 10 rnM) were applied to
forskolin-stimulated cells. For cells expressing Ah and

receptors, adenosine (100 nM

for Ab receptors; 1 ph4 for AZbreceptors) and propentofylline (1 0 phd- 10 mM) were
applied to cells. To determine the effect of an Az, selective agonist, CGS 2 1680, on
luciferase activity in cells transfected with Ab or A 2 b receptors, graded concentrations
(0.01 - 100 pM) of this drug were applied to cells.
Adenosine Accumulation: CHO cells in 6 well plates were washed twice with

physiological buffer (in rnM: NaCI, 1 18; KCl, 4.9; MgCI2, 1.2; K&P04, 1.4; 4-(2-

hydroxyethy1)- 1-piperazineethanesulfonic acid, 25; glucose, 1 1; CaCIZ, 1; pH 7.4, 300 k
10 mOsm). [ 3 ~ ~ d e n o s i(1
n 00
e CIM) in the absence or presence of propentofylline (1 pM10 mM) was applied for either 20 sec or 30 min at 22OC. Uptake of ['~]adenosine(100
pM) at O sec was determined in the presence of 30 pM dipyridamoie. Solutions were

aspirated and cells were washed three times with ice cold buffer. Celis were dissolved in 1

M NaOH (60 min; 37OC) and then taken for radioactive determination by liquid
scintillation counting.
Protein Determination: Sarnples (1 : 1O dilution in water) were assayed for
protein concentration using the method of Lowry et al. (1 95 1). Standards were prepared
using bovine serum albumin in water with 10% Tris-Triton. Since samples from adenosine
accumulation studies were dissolved in 1 M NaOH, standards for these expenments were
prepared using 0.1 M NaOH.
Data Analysis: Experiments were performed four times in tnplicate unless
othenvise indicated. Half maximal inhibition constants (ICra)and effective concentrations

(EClo) were obtained by non-linear regression using the software package GraphPad
PRISM version 2. To test for significant differences between groups, data were analyzed
using a one way ANOVA with a Bonferroni post-hoc test. A significance level of p<O.O5
was chosen a priori.

RESULTS
Propentofylline Concentration Response. Propentofiliine c m inhibit CAMP
phosphodiesterase (Meskini et al, 1994) so to determine the concentration at which

propentofylline directly activates luciferase we treated the cells with propentoQlIine at
concentrations of 1 pM to 10 mM. In ail three ce11 Lines, significant increases in luciferase
activity were evident at 1 and 10 mM propentofjdline (Fig. 1). ECso values of 0.17 k 1

mM, 0.27 f 1.7 mM and 0.56 I
1.3 mM were obtained for Ai, Ah, and A2b receptortransfected celi lines, respectively.
Effects of Propentofyiline on Agonist-Mediated Changes in Luciferase Levels.
The A1/A2receptor agonist NECA was used to assay for Al, Ah or A~L,
receptor function.
In the Al receptor-transfected celi line (Fig. 2a), 2 pM forskolin was used to stimulate
CAMPproduction. Forskolin increased luciferase activity, which was inhibited by NECA.
Propentofylline produced a concentration-dependent increase in luciferase activity which
reached statistical significance at 1 and 10 mM. NECA significantly stimulated luciferase
activity in Ah and AZbreceptor-transfected celk (Fig. 2b, 2c). Propentofylline (10 pbf and
100 pM) caused a significant 26% and 32% reduction in NECA-stimulated CAMP in Ah

receptor-transfected cells, respectively (Fig. 2b). There was no significant reduction in
NECA-stimuiated CAMPin AZbreceptor transfected cells. However, there was a
significant increase in CAMPproduction in the presence of 10 rnM propentofylline (Fig.
2c).
Adenosine Concentration-Response. Each ce11 line was assayed for receptor
function using graded concentrations ( 10 n M - 1 rnM) of adenosine. In cells expressing
Al receptors, 2 pM forskolin was used to stimulate CAMPproduction. Aithough 10 nM
adenosine inhibited luciferase activity, significance was achieved at concentrations of 100

n M adenosine and greater. An EC50 value of 72 + 3.9 nM was obtained (Fig. 3a).
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Fig. 1. Concentration-dependent stimulation of luciferase activity by propentofjdline in

CHO cells transfected with Al receptors (A), Ab receptors (B), or A2b receptors (C).
Concentrations of 1 pM to 10 mM propentofjdline were applied to cells for 30 min at
3 7OC. Luciferase activity in cells was determined 3.5 h a e r removal of propentofjdline.

Data are represented as Relative Light Units (RLLJ) per mg protein. Bars represent means
IS.E.M. of four expenments (*p<0.05; ANOVA with Bonferroni post-hoc test

cornparhg data for each concentration of propentofjdline to data in the absence o f
propentoelline).
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Fig. 2. Effect of propentofjdline on agonist-mediated changes in luciferase activity for cells
expressing Al receptors (A), Ah receptors (B), or A2breceptors (C). The Ai/A2 mixed
agonist, N E C 4 was applied to cells (1 pM for Ai; 100 nM for Ah; 10

for &,) with

or without 10 pM to I O rnM propentoQlline (PPF)for 30 min at 37°C. In cells expressing
AI receptors, CAMPproduction was stimulated with forskolin (FOR., 2 pM). Data are

expressed as Relative Light Units @LU) per mg protein. Bars represent mean c SEM of
four experiments. Statistical differences in luciferase activity, relative to cells treated with
forskolin and NECA (A) or NECA alone @,C) are indicated. (*p<0.05. **p<0.0 1 ;
A.NOVA with Bonferroni post-hoc test).
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Fig. 3. Concentration-dependent effects of adenosine on luciferase activity in cells
expressing Ai receptors (A), Ab receptors (B), or AZbreceptors (C). Forskolin (2
was used to stimulate CAMPproduction in AI receptor-transfected cells. Adenosine ( 1O

n M - I m M for Al receptors; 100 nM - 1mM for Ah or AZ6receptors) was applied to ceils
for 30 min at 37°C. Data are expressed as Relative Light Units (RLU) per mg protein.
Bars represent means 2 SEM of four expenments (*p<O.05, * *p<0.01; ANOVA with
Bonferroni post-hoc test comparing data for each adenosine concentration to data
obtained in the absence of adenosine).
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Fig. 4. Effect of propentoSlline on adenosine-mediated changes in luciferase activity
following activation of Al (A), Ah (B), or

(C) receptors by adenosine. Adenosine (1

pM for Ai; 100 n M for Ah; 1 p M for AZbreceptors) was apptied to cells with or without

for 30 min at 37OC. In cells expressing Al
propentoGlline (PPF;1 pM to 10 KIM)
receptors, luciferase activity was stimulated by addition of 2 @f forskolin (FOR).Data
are expressed as Relative Light Units (RLU)per mg protein. Ban represent means

+

S.E.M. of four experiments (*p<O-05, **p<O.O1; ANOVA with Bonfernoni post-hoc test
comparing data obtained in the presence of adenosine and forskolin (A) or adenosine only

(B,C)to data obtained in the added presence of propentofylline or in the absence of
adenosine).
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Fig. 5. Effect of the Ah selective agonist CGS 2 1680 on luciferase activity in cells
expressing Ab (A) and AB (B) receptors. CGS 21680 (0.01 pM to 100 pMj was applied
to cells for 30 min at 3 7OC. Data are expressed as Relative Light UNts (RLLJ) per mg
protein. Bars represent means

+ SEM of four experiments. (*p<0.05, **p<O.Ol;ANOVA

with Bonferroni post-hoc test comparing data obtained in the presence of CGS 2 1680 to

al1 data obtained in the absence of CGS 2 1680).
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Fig. 6. Effect of propentofjdline on [ 3 ~ a d e n o s i n transport,
e
during 20 sec, in cells
transfeaed with Al (A), Ah (B), o r A2b(C) receptors. Cells were incubated with
[ 3 ~ a d e n o s i n(1
e 00 pM) alone or in the presence of propentofjdiine (PPF; 10 pM - 10
mM) for 20 sec. Maximal inhibition was achieved in the presence of 30 ph4 dipyridamole.

Bars represent means k SEM of four experiments. (*p<0.05, * *p<O.O 1; ANOVA with
Bonferroni post-hoc test comparing data obtained fiom cells treated with propentofylline
or dipyridamole to data obtained e o m cells with [)~]adenosinealone).
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Fig. 7. Effkct of propentoQüine on [3wadenosineaccumulation, during 30 min, in cells
transfected with Al (A), At (B),or AZb(C)receptors. Celis were incubated with
[jwadenosine (100 p.M) alone or in the presence of propento@iiine (10 pM - 10 mM) for
30 min. Maximal inhibition of [)madenosine accumulation occurred in the presence of
30 pM dipyridamole. Bars represent means f SEM of three experiments for Al and four
experiments for Ah or AZbreceptor-transfected celis. (*p<0.05, * *p<O.O 1 ; ANOVA with
Bonferroni post-hoc test comparing data obtained from cells treated with propentofj4line
or dipyridarnole to data obtained from cells incubated with ['~]adenosinealone).

Luciferase activity was increased by adenosine in a concentration-dependent manner in Ah
and AB receptor- transfected cells; ECso values of 0.1 1 f 3.5 mM and 0.79

+ 3.2 mM,

respectively were obtained (Fig. 3b, 3c).
Effect of PropentofyUine on Adenosine-Mediated Changes in Luciferase
Levels. Concentrations of adenosine that have sigdicant effects on luciferase production
were used in combination with graded concentrations of propentofylline to determine
whether propentofylline inhibits or potentiates adenosine-mediated receptor activation. In
cells expressing Ai receptors, adenosine ( 1 pM) inhibited fonkolin-stimulated luciferase
activity (Fig. 4a). Propentofj4line at concentrations less than 100 pM, did not alter
inhibition of luciferase activity mediated by adenosine. However, in the presence of 1 rnM
and 10 mM propentoQlline, luciferase activity was greater than forskolin-stirnulated
luciferase activity alone. In cells expressing Ah receptors, 100 n M adenosine increased
CAMPlevels over control. Propentofjdline (1O CLM) inhibited adenosine-stimulated
luciferase activity (Fig. 4b). In contrast, propentofylline did not significantly inhibit
~
cells (Fig. 4c).
adenosine (1 pM)-stimulated luciferase activity in A z receptor-transfected

Effect of CGS 21680 on CeUs Expressing A2r or

Receptors. To ensure

there was no contamination of Ah receptor-transfected cells with A2b receptor-transfected
cells or vice versa, graded concentrations of the selective Ah agonist CGS 2 1680 was
applied. A significant increase in luciferase activity occurred at 10 n M CGS 2 1680 in
cells expressing Ab receptors (Fig. 5a). In AZbreceptor-transfected cells, a significant
increase in luciferase activity occurred at a 1000 fold greater concentration (Fig. Sb).

Effect of Propentofyiiine on [ . ' ~ ~ d e n o s i n
Accumulation.
e
Figure 6 illustrates
[3madenosine accumulation during 20 seconds by cells transfected with Al, Ah and A z ~
recepton. Propentofylline inhibited [3madenosine uptake in aü three ce11 lines with I C ~ O
values of 160 5 5 pbf, 17 I 2 phf, and 75 k 3 ph4 for ceils expressing Al, Ah or
receptors, respectively. [ ' ~ l ~ d e n o s i naccumulation
e
in 30 min was also determined for
each receptor type (Fig. 7). PropentoQlline inhibited accumulation similarly in the three
ce11 lines with ICso values of 0.14 i 0.6 mM, 0.14 i 0.2 mM, and 0.18 k 0.3 mM for Al,
Ab, and A z receptor-transfected
~
ce11 lines, respectively.

DISCUSSION
It has been suggested that propentoblline indirectly enhances activity af adenosine
receptors by blocking removal of adenosine fiom the vicinity of its receptors (Fredholm
and Lindstrom, 1986). However, propentoeiline has also been s h o w to antagonize
adenosine receptors (Fredholm et al., 1992). The effect of propentoQlline on CAMP
production was studied in three CHO ce11 lines which were transfected with Ai, Ah o r A2b
receptors as well as a luciferase reporter gene under control of a promoter sequence
containing several copies of the CAMPresponse element (Castaiion and Spevak, 1994).
Previous studies have reported that propento@lline is able to inhibit cyclic
nucleotide phosphodiesterase isofoms (Meskini et ai., 1994). Similarly, Our study
demonstrated that propentoS>lline (r1 mM) increased luciferase levels, probably by
inhibiting CAMPphosphodiesterase. This phenornenon was observed for each ce11 line.
The effeas of propentofyliine on CAMPphosphodiesterase were distinguished fiom its

effects at adenosine receptors, as lower concentrations of propentofjdline alone did not
significantly increase luciferase levels.
Propentofjdline is a known inhibitor of es and ei nucleoside transporters as well as
a sodium-dependent subtype of nucleoside transporter (Parkinson et al., 1993). We
determined concentrations of propentofj4line which inhibited cellular accumulation of
adenosine in CHO cells expressing Al, At, or AZbreceptors. In al1 three ceil lines,
propentofjdline inhibited uptake of

la la de no sine at 20 sec, a time point likely to represent

a greater accumulation of adenosineper se than its metabolites. Uptake of [jwadenosine
during 30 min was similarly inhibited by propentofylline. CHO cells possess 30 to 40 % ei
transporters (Plagemann and Wohlhueter, 1984) with the rernaining trampon mediated by
es transporters. Previously (Parkinsonet al., 1993) it was shown that propentofylline

inhibits both es and ez transporters with ICjo values of 9 pM and 170 ph4 respectively;
thus, the ICra values reponed in the present study (Fig. 7) are sirnilar to those reported
previously for ei transporters.

The effects of propentofjdline on agonist- and adenosine-stimulated A z b receptors
were exarnined. Concentrations of the AI/A2mixed receptor agonists NECA ( I O pM) and
adenosine (1 p.MJ that had significant effects on luciferase production were chosen.
Propento&lline (< 1 mM) did not inhibit agonist or adenosine-stimulated A z receptors.
~
However, luciferase levels significantly increased with 10 m M propentofylline, an effect
likely due to CAMPphosphodiesterase inhibition.
Ab receptors were stimulated with lower concentrations of NECA ( 1 @A) or
adenosine (100 nM) as these receptors are more sensitive to stimulation by these

compounds. Propentofjdline, at 10 pM or 100 pM, significantly inhibited NECA-mediated
stimulation of Ah receptors, while only the 10 pM concentration Uihibited adenosinestimulated AL receptors. This is lïkeiy due to a direct inhibitory effect of propentofylline
at these receptors which is consistent with previous observations (Fredholm et al., 1992;
Zhang et al., 1996).
Ah receptor-transfected cells were not contaminated with A2b receptor-transfected

cells because, similar to previously reported results, CGS 2 1680 was significantly more
potent for transfected At, than AZbreceptors expressed in CHO ceils (Castafion and
Spevak, 1994). Furthemore, agonist and adenosine-stimulated Ab receptors were
inhibited by propentofylline unlike AZbreceptors.
Castanon and Spevak (1994) reported an IClo value of approximately 1 ph4 for
NECA applied to forskolin-stimulated CHO cells transfected with At receptors.

Therefore, we chose this concentration to demonstrate propento@1line7seffect on
agonist-induced changes in receptor activation. As expected, NECA inhibited forskolin
stimulated CAMPin the Al receptor-transfected cells. A dose-dependent increase in
luciferase was observed in the presence propentofjdline (1 - 100 pM), which was not
observed for celk stimulated with adenosine. The effects of adenosine or NECA were not
observed in the presence of propentofylline at concentrations of 1 or 10 mM. However, at
these concentrations, the effects of propentoSlline on CAMPphosphodiesterase would
mask any effects at Ai receptors.

An autoradiographic study with rat striaturn detennined that propento@llinewas
approximately10 times more potent for inhibiting ligand binding to Al receptors than to A2

receptors (Parkinson and Fredholm, 1991). This preference for Al receptors has also been
demonstrated with fùnctional assays in rat hippocarnpal slices (Fredholm et al., 1992). The
reason why this drug had a significant inhibitory effect on NECA stimulation at Ah but not
Al receptors is not clear and may indicate reduced sensitivity to propentofj4line of human,

compared to rat, Al receptors. This may also explain why the effects of adenosine at Ah
but not Ai receptors were inhibited by propentofjdline. The effect of adenosine at Ai
receptors was not significantly inhibited or potentiated by propentofylline even though
propentofylline did inhibit adenosine uptake and might, therefore, be expected to prevent
depletion of extracellular adenosine due to cellular uptake. It is possible that, under
conditions of these expenments, cellular uptake did not affect the adenosine concentration
sufficiently to alter receptor stimulation.
In these studies, we observed that trends for each receptor appeared to be similar
between experiments, however, the measured luciferase levels differed. Whether the
variability in luciferase levels is due to use of cells in later generations or use of different
batches of luciferase substrate, is not known. Although we did not use cells beyond 20
generations, we have not determined the effect of passage number on reporter gene
hnction.
PropentoQlline did not enhance adenosine mediated receptor effects in our
experiments even though we demonstrated clear inhibition of cellular uptake by
propentofylline. It is possible that this drug has a greater effect on adenosine levels in vivo
than in vitro due, for example, to the relative sizes of the extracellular compartments.
Propentofylline's ability to enhance extracellular adenosine concentration has been shown

during ischernic conditions (Andiné et al., 1990).Therefore, neuroprotective e f e a s of
propentofjdline resuiting from indirect increases in adenosine levels due to transport
inhibition cannot be ruled out. Since propentofjdline can cross the blood-brain barrier, it is
an attractive therapeutic agent for treatment of cerebrovascular disorders.

In conclusion, propentofjdline inhibited CAMPphosphodiesterase and
[3~]adenosineaccumulation in CHO cells expressing human A,, Az. or A 2 b receptors.
PropentoQlline sigdcantly inhibited NECA- and adenosine-stimulated receptors only in
cells expressing adenosine Ah receptors. Propentofjdline was not shown to potentiate the
effects of adenosine in any of these ce11 lines. However, propentofjdline may be able to
potentiate endogenously produced adenosine, and thereby play a role in enhancing
neuroprotection by adenosine.

Chapter 5. General Discussion
Adenosine is involved in a large number of physiological processes mediated
through specific adenosine receptors and activation of signal transduction mechanisms.
The concentration of adenosine is tightly regulated by purine enzymes as well as by
nucleoside transporters that carry adenosine across ce11 membranes. The pnmary source
of adenosine is derived fiom the hydrolysis of ATP. During conditions of metaboiic
stress, there is an increase in adenosine production and this adenosine can be released
down its concentration gradient. Altemately, extracellular adenosine may be denved fiom
released ATP, which is dephosphorylated extraceilularly. Regardless of the source,
actions of adenosine are mediated by Al, Ab, A2b or A3 ceIl surface adenosine receptors.
Two classes of nucleoside transporters have been described; these consist of
sodium- independent and sodium-dependent transporters (Cass, 1995). One of the
fùnctions of nucleoside transport processes is to facilitate the movement of adenosine
across cellular membranes. Since adenosine receptors are located on plasma membranes,
it is possible that transporters are important to initiate, as well as to terminate, adenosine
receptor stimulation. Both classes of transporters have been studied extensively for their
ability to mediate uptake of adenosine and other nucleosides. The role of nucleoside
transporters in release of adenosine has received much less attention. Therefore, the
studies reported in Chapter 2 and Chapter 3 were performed to clarie further the
mechanisms and regdation of release processes.
Release of adenosine is thought to occur primarily through bidirectional es
transporters (Griffith and Jarvis, 1996). Since, ischemic conditions can depress the sodium

gradient and there is evidence for reversal of sodium-dependent neurotransmitter
transporters (Madl and Burgesser, 1993; Gemba et ai., 1994), we examined release of a
poorly metabolized nucleoside analogue, formycin B, following disruption of
transmembrane sodium gradients in a ce11 line which possess only sodium-dependent
nucleoside transport processes (Belt and Noel, 1988).
Before examining release, we confirmed that uptake of [3wformycin B into
L 121O/MA27.l cells was sodium-dependent. Uptake of [ 3 ~ f o m y c iB
n was completely
inhibited with a Na-/K- ATPase inhibitor, ouabain and the glycolysis inhibitor iodoacetic
acid. Release of ['~]formycinB was inhibited by the presence of an inwardly directed
sodium gradient. Perturbation of the sodium gradient by ouabain or the sodium
ionophore, monensin, enhanced [ 3 ~ f o r m y c i B
n release. Release was inhibited by the
nucleoside transpon inhibitors, phloridzin and propentofylline. Furthemore, compounds
selective for sodium-independent nucleoside transporters, nitrobenzylthioinosine,
dipyridamole, and dilazep inhibited release only at high concentrations. Findly, in the

B release was enhanced by the permeants adenosine and
absence of sodium, [3~]formycin
uridine indicating transacceleration. Thus, disruption of sodium gradients may uncouple
nucleoside transpon from sodium translocation.
From this study, it appears that by disrupting transmembrane sodium-gradients,
reversal of sodium-dependent transporters can mediate release of nucleosides. During
ischemic conditions where the sodium gradient is perturbed due to depression of ATP
levels and/or compromising Na- /K-ATPase function, extracellular adenosine may be
derived fiom efflux through sodium-dependent transporters. Although sodium-dependent

transporters are present in brain, the degree to which adenosine released from these
transporters mediates receptor activation requires fùrther study.
Regulation of nucleoside transport also provides fùrther insight into the
modulatory effects of adenosine, especially dunng cerebral ischemia. Since adenosine c m
be released under conditions of metabolic stress and act on ce11 surface adenosine
receptors, it is possible that receptor activation can m o d e subsequent adenosine release.
Previous studies, which have pnmarily concentrated on regulation of uptake of adenosine,
have indicated that nucleoside transport hnction may be under complex regulation
(Delicado et al., 1990; 1% 1; Sen et al., 1990; Sayos et al., 1994; Sweeney, 1996). Our
study presented in Chapter 3 discusses whether adenosine rnay act as a feedback
modulator to alter its own release. To do this, we used cultured smooth muscle D D T l MF2 cells which possess Al and A2 receptors as well as predominantly es transporters. We

measured release of the permeant [3~]formycin
B after stimulating adenosine receptors
with the selective Al agonist CHA, the selective A2 agonist CGS 2 1680 or the Ai/Az
mixed agonist, NECA. Stimulation of receptors with NECA or CGS2 1680 had no effect
on release of [ ~ f o m y c i n
B. However, at a concentration of 30 pM, CHA inhibited
release . This inhibition of release caused by CHA was not reversed using the selective AI
antagonist, DPCPX, indicating that it was not AI receptor activation causing release. We,
therefore, examined whether release was inhibited due to direct interactions of CHA with
a
the nucleoside transporter. CHA inhibited binding of [3~nitrobenzylthioinosine,
transport inhibitor which binds with high affinity to es transporters, at concentrations
sirnilar to those that inhibited [ 3 ~ f o n n y c iB
n release. To determine if CHA could alter

transport through receptor signaling?we applied to DDT, MF-2 cells at a concentration of

CHA which does not inhibit nucleoside transporters. Release of ['HJformycin B was not
inhibited or potentiated with this concentration of CHA. Therefore, we concluded that

CHA inhibited [3~formycin
B release via direct interaction with the transport process and
not by a receptor-mediated interaction. These studies conclude that adenosine receptor
stimulation does not modify [ 3 ~ f o m y c iBn release fiom DDT1 MF-2 smooth muscle
celis. These findings are in contrast to previous reports that have demonstrated alterations
in adenosine transport by direct stimulation of signal transduction mechanisms (Delicado
et al, 1991; Sweeney, 1996).
Adenosine is considered to be an important inhibitory neuromodulator in the CNS.
Nucleoside transport inhibitors have been proposed as therapeutic agents for treatment of
various pathological conditions in the CNS. Inhibition of the transpon of adenosine into
cells c m enhance receptor-mediated effects of adenosine and produce therapeutic effects.
In particular, the xanthine derivative propento@lline, is in late stage clinical trials for
treatment of dementias related to Alzheimer's disease and cerebrovascular disorders. The
neuroprotective effects of propentofylline are consistent with its inhibitory action at
nucleoside transporters resulting in potentiation of adenosine at its receptors (Parkinson et
al., 1993). However, propentofylline can aiso antagonize adenosine receptors (Fredholm

et al., 1992) and inhibit cyclic nucieotide phosphodiesterase isoforms (Meskini et al.,
1994). The importance of these various effects of propentofylline for its neuroprotedive
properties is unclear. One possible mechanism of propentofylline's action that has been
suggested previously involves raised CAMPlevels due to phosphodiesterase inhibition.

This results in increased CAMP-dependentprotein kinase activity with consequent
inhibition of voltage-gated Na* channels and reduced excitotoxicity (Lloyd and Bagley,
1997).

In the study presented in Chapter 4, we characterized the inhibitory effects of
propentofjdline on cyclic nucleotide phosphodiesterase, adenosine transporters and three
adenosine receptor subtypes. For these experiments, we used CHO cells that have been
transfected with human adenosine Ai, Ab or A*-, receptors as weU as a reporter gene
constnia containing a luciferase gene with a CAMPresponse element-rich promoter.
Propentofjdline inhibited both CAMPphosphodiesterase and adenosine accumulation in d l
receptor-transfected CHO cells. Propentofjdline inhibited the receptor mediated effects of
the mixed agonist N E C 4 but did not inhibit the receptor mediated effects of adenosine.
At a concentration of 10 pM, propentoQlline inhibited only AL receptor stimulation. As
stimulation of Ah receptors promote excitatory amino acid release, a neuroprotective

effect of propentofylline rnay result fiom inhibition of Ah receptor-mediated
excitotoxicity. Propentofjdline clearly inhibited adenosine uptake into each of the three ce11
lines, however. there was no evidence of potentiation of the receptor- rnediated effects of
adenosine in our expenmentai protocol.
Adenosine levels greatly increase dunng hypoxic or ischemic conditions and
stimulation of adenosine receptors mediates neuroprotective effects. The es transport
inhibitor propentofjdline is neuroprotective, at least in part, due to inhibition of adenosine
uptake and potentiation of adenosine's receptor mediated effects. However. funher
development of nucleoside transport inhibitors for potential therapeutic use has been

limited by a lack of knowledge on two key points. First, the transport inhibitors that are
available are selective only for equilibrative transporters. Currently, there is evidence for
sodium-dependent transport in the brain. Sodium-dependent transporters nomally
hnction in the unidirectional uptake of adenosine. Thus, these transporters could still
mediate transport when equilibrative transport is blocked and they may participate in
adenosine release dunng ischernia. Second, inhibitors of equilibrative transport are able to
inhibit both nucleoside uptake and release in sorne cell types. Consequently, it has not
been clearly demonstrated that these inhibitors can ailow release yet block uptake of
adenosine during ischernia. The studies herein ailow us to better understand the role of
specific transporters in regulating adenosine levels, and, thus, adenosine's receptormediated effects, and provide a foundation for explonng these issues.
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