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ABSTRACT 

Membrane-bound nucleoside transport processes and th& inhihiton regdate b- and 

extra-celiuiar leveis ofendogenous D-adenosine and the actions of adenosine are mediatecl 

through adenosme receptors. Our research involved (1) developing a method to measure 

adenosine transport and release in animai ceUs and C N S  tissue, (2) characterizhg the 

transport processes involved, and (3) detemiùiuig the effects of transport &'biton on 

these processes. Using rat brain synaptosomal preparations we showed that [3HJ~-  

adenosine, the metabolicaliy stable enamiorner of [QD-adenosine, was released in a 

concentration- and the-dependent, and temperature-sensitive manner that was hear with 

synaptosomal protein content. Release of ['HP.-adenosine was inhibited by the nucleoside 

transport inhibitors dipyridamole, nitrobenzylthioinosine (NBI) and dilazep, as weli as 

unlabelled L-adenosine, D-adenosine and uridine, suggestiag that release occurred at least 

in part by NBI-sensitive eqdiirative nucleoside transporters. To determine further which 

subtype of equiiibrative nucleoside tramporter was involved, we conducted sllnilar studies 

using celis, DDTl MF-2 cells, that contain only NBEsensitive (es) nucleoside transporters. 

In DDTl MF-2 cells, accumulation of[--adenosine was more rapid than that of [3Hl~-  

adenosine. [3HJD-~denosine uptake was inhibited by unlabelled L-adenosine to a greater 

degree than C~L-adenosine uptake was inhibited by unlabelîed D-adenosine. 

Nitrobenzylthioinosine iahiiited uptake of [31TJD- and [3HJ~-adenosine. [%JL-  de no sine 

release was temperature- and timehpendent, and was inhibited by NBI. Our studies 

support the use of [m-adenosine as a usefid probe for the characterization adenosine 

transport and release, and show that reIease occurs in part by nucleoside transporters that 

iii 



are sensitive to inhiion by nauomolar concentrations of NBI. Such studies may help 

iden* therapeutïcaily useful adenosine traasport inhiiiton. 
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REVIEW OF THE AIDENOSINE I,ITERATURF, 

1. Introduction 

Endogenous D-adenosine, hence forth simply refiered to as adenosine, is a purine 

nucleoside whose physiologieal actions wexe first danonstrateci about 70 years ago (Drury 

and Szent-Gyorgi, 1929); important early discovenes include tbdings that adenosine could 

be used to treat cardiovascular diseases money et d. 1930; Dniry, 1936) and that the 

actions of adenosine in the CNS were mediated by celi-surface receptors (Sattin and Rail, 

1970). Subsequently, adenosine was shown to inhiiit neurotransmitter release (Fredholm 

and Dunwiddie, 1988), to affect adenylate cyclase activity foliowing adenosine receptor 

activation, and to Béct receptor-signal transduction systems in addition to adenylate 

cyclase (Wiiams, 1989). Furthemore, adenosine has been shown to act as a 

neuroprotectwe agent (Dragunow and Faull, 1988), an endogenous anticonvusant @ u ~ g  

and Spencer, 1992; O'Brien, 1988), a prototypic neuromodulator (Wiams, 1989), an 

anti-ischernic agent (Phillis, 1989; Rudolphi et al.. 1992b), as weil as an anxiolytic and 

hypnotic (Jaïn et al.. 1995). Both cardio- and neuro-protective actions of adenosine have 

been shown to be mediated through specific celi surface adenosine recepton. 

2. Adenosine receptors 

Cell surface adenosine receptors are G protein-coupleci receptors. Adenoshe 

receptors have seven hydrophobie a-helices, each composed of -22-26 amino acids, that 

transverse the ce11 membrane. The regions comecting the membrane-spanning 2-3, 4-5, 



and 6-7 domah, as well as the amino terminus of the receptor, are orientated imo the 

extraceUular space. Regions coanecting triammembrane domains 1-2, 3-4, and 5-6, as 

weU as the carboxy-terminai taü of the receptor, are located cytoplasxnidy. Common 

features s h e d  ammg adenosine recepton and many G protein-coupld receptors include 

an aspartate-arginine-tyrosine Kqueace in the second intraceMar loop, cysteines in 

extraceiiular regions that may be involveci in iatra-receptor disuIfide bond format or^, and a 

conserved cysteine residue acting as a potentiai site for receptor palmitoylation in the 

carboxy-terminal tail (except in the A2A receptor) (Liebert et al., 1989; Liuden et al., 

1991; see Olah and Stiles, 1995). However, they m e r  in that adenosine receptors are 

smaiier in size and contain a short amino tenninus. 

2.1. Adenosine meptor classification 

In general, purinergic receptors, or purinoceptors, have been classified as either 

Pl (adenosine) or P2 (nucleotide) receptors. Moa PI purinoceptors have a rank order of 

agonist potencies of adenosine > AMP > ADP > ATP and are selectively blocked by 

methykanthines. These receptors were initiaüy subclassified accordhg to their ability to 

rnodulate adenylate cyclase activity; Al receptors inhibiteci whereas A2 receptors 

stimulated adenylate cyclase activity. However, changes in CAMP levels due to 

(i)activation of adenylate cyclase did not always correlate with events modulated by 

adenosine which suggested involvement of other second-messenger systems (Morgan, 

1991). Current subclassification of Al, A 2 4  AZB, and A3 receptors is based mainly on 

cloned sequences, agonist and antagonist potencies, and physiological and biochemical 



actions. In contrast, P2 purinoceptors, with a general rank order of agonist potencies o f  

ATP > ADP > AMP > adenosiue, are iPseDsirive to antagonism by methyhthines and 

£Ùnctionaiiy affkct a vari* of second messetlger systems inciudhg G-proteincoupleci 

cascades and ligand-gated ion fluxes (Fredhoh et uL, 1994). At least six P2 rweptors 

have been identifieci including EX, P2Y, EU, PZT, PZ, and P2D Predhoim, 1995) 

based on molecular structures, agonist and antagonist potencies, and biochemical and 

phacmacological actions. 

2.1.1. A l  Adenosine receptor (AIR) ehuieterization 

Al adenosine receptor clones (Maenhaut et al., 1990; Libert et al., 1991; Mahan 

et ai., 199 1; Tucker et al., 1992; and Fink et aL. l992), are made up of 326-328 amino 

acids, have a moledar m a s  of -36,700 Daltons, and have 87% amino atid identity with 

the species homologues (Olah and Stiles, 1995). AlR's bind antagonist radioligands 1,3- 

dipropy1-8-cyclopen~l-~~l1lthine (DPCPX) and xanthine amine congener (XAC) with high 

a.€Enity (Kd - 1 nM) and agonists with the potency order of N6-(R-phenylisopropyl)- 

adenosine (R-PIA) greater than 5'-Nahyl-carboxamidoadenosine (NECA) (Olah and 

Stiles, 1995; see Table 1). AlRs in brain are found at high densities in cortex, cerebeilum, 

hippocampus and thalamus (Stehle et al., 1992). 



2.1.2. A2 Adenosine receptor (MAR and A2BR) cbaractecization 

Two distinct A2 adenosine receptors that stimulateci adeoylate cyclase activity 

were proposed because high-afkity Jaes (A2AR) were found only in mCatal membranes 

(Daly et al., 1983), and low-aflfinity sites (AZBR) were observed in intact celis nom all 

brain regioas. Human A2ARs were c l o d  by Furlong et al. (1992) and Meng et aL 

(1994), have an amino acid sequence that is 82% identid with the canine subtype, and 

species homologues are 410-412 amino acids conesponding to 45,000 Daltons. 

Selective A2A agonists include CV1808, CGS2 1680 and NECA, and mtagonists include 

XAC, CSC and KF 17837 (Gurden et al.. 1993; see Table 1). AZARs are predominately 

found in the basai ganglia (Schifnnan et d.  1991; Fink et ai., 1992), and to a lesser 

degree in the hippocampus and cortex (Cuhna et al.. 1994). Human A2BRs were cloned 

by Stehie et al. (1992), have an amino acid sequence that is 73% identical to rat, and 

species homologues are -330 arnino acids corresponding to YS,000 Daltons. MBRs 

bind with low-afEnity the agonist radioligand [ 3 ~ ~ ~  but do not bind [ 3 ~ ~ ~ ~ 2 1 6 8 0  

or ['*Il-PAPA-MEC (see Table 1). A2l3Rs are ditfusely distriiuted throughout the brain 

and have been found on glial as weU as neurons (Stehle et uL. 1992). 

2.1.3. A3 Adeaosine receptor (A3R) characterizrition 

Phannacologically and rnolecularly, A3 adenosine receptors are distinct from Al 

and A2 adenosine receptors (Zhou et al., 1992). Rat A3Rs were cloned by Meyerhof et 

ai. (1991) and Zhou et al. (1992), have an amino acid sequence that is 4247% identicai 



Table 1. Classincation ofadenosine receptofs (Pl purinoceptors) 

w, r ca2+ 
Agonists CCPA>CPA> 

NECD 
CM21680 
CHA, R-eIA, 
ADAC 

Antagonists DPCPK /xhc 
8-cyclopentyl- 
theophylline 

Distribution cortex, 
in CNS hippocampus. 

cerebellum 

PAPA- 
MEC, 
CGS21680> 
NECA> 
CVl8O8> 
R-PIA> CPA 
Ado 
XAC, CSC 
KF 17837 
CGS 15943 
CP66713 
caudatd 
putamea, 
nucleus 
accumbens, 
oIfactory 
tubercle 

NECA 

XAC, DPCPX BW-A 522 
8-PT 
CGS 15943 

ubiquitous but Wide 
low abundance 

* Abbreviations: BW-A 522, 3-(3-iodo4aminobenzy1)-8-(4-oxyacetate)- 1 - 
propylxanthine; CPA, N6-cyclopentyladenosine; CHA, N6-cyclohe~~ladenosine; R-PIA, 
N6-(R-phenylisopropyl)-adenosine; ADAC, adenosine amine congener, NECA, 5'-N- 
ethyl-carboxamidoadenosine; CGS2 1680, 2-lp(2-carbonyl-ethyl)-phenylethylarniao]-5 ' - 
N-ethylcarboxamidoadenosine; CGS22988, [ l~ - ( l cQa ,3  ~ , 5 ~ ) ] - 3  -(2,6-diamin0-~~-(3 - 
carbetho>rypheny1)-9H-p~rin-9-yi)-5~ -~-etbyi&am0y1)-1,2-cy~10pentanedi01; PAPA- 
APEC, 2 - [ 4 - 1 2 - [ 2 - l p h e n y I m e t b y l & o n y l a m i n o ] e ~  
-5 ' -~ethylwboxamidoadenosine; DCPX, 1,3-dipropyl-8-cyclopenty1-xaatbine; XAC, 
xanthine amine congener, &PT, 8-phenyltheophylline; CV1808, 2-phenylaminoadenosine; 
CGS 1 5943, 9-chloro-2-(2-bmyl)-5,6-dihydro-[1 ,2,4]-&ii~olol, S]quinaZolin-5-imine 
monomethane-sulfomte; KF 1 787, 1,3-dipropyl-8-(3,4-dimethoxystyryl)JmethyL 
xanthine; APNEA, N6-2-(4-aminopheny1)ethyladenosine; CCPA, 2-chloro-cyclopentyl- 
adenosine; CP667 1 3,4-amino-8-chloro- 1 -phenyl[l,2.4]triazolo[- quinozaiiue. 

Adapted fiom Fredholm (1995; 1994), Luthin and Linden (1995), Olah and Stiles (1995). 



to that of canine Al and A2 adenosine receptors, and species homologues are made up of 

320 amino acids. A3Rs bind with high-afnmty the agonist radioligand N6-2-(4-aniino-3- 

['-iodophenyl)-ethyladenosine ([=I+APNEA) and, with less potency, N6-(R- 

pheny1isopropyI)-adenosine (R-PM) and NECA (see Table 1). A3Rs in brain are 

expressed mainly in hippocampus, cortex, cerebelium, and stria- (Salvatore et al., 

1993). 

3. Tissue levels of adenosine 

The levels of adenosine available for stimulation of adenosine receptors are 

controlled by processes related to its production, release, re-uptake (transport), and 

metabolism. Regardiess of whether adenosine originates endogenously or exogenously, its 

effects appear to be inexorably linked to its leveis at receptor sites. 

3 e 1 e  Measunment of endogenous adenosine leveis 

For precise and accurate measurernents of endogenous adenosine levels, adenosine 

release, ~roductiodmetabo~ism, and re-uptake must be iatiiiited completely and virtuaiiy 

instantaneously. Importantly, tissue levels of adenosine do correlate with adenosine 

actions. Experimentaily, it has been weli documented that sampüng rnethods can have 

profound effects on measured levels of purines. For example, tissue levels of adenosine 

change rapidly and markedly due to post-mortem breakdown of adenine nucleotides. 

Therefore, accurate determination of basai levels of purines can only be obtained when 

post-mortem-iaduced increases in adenosine and decreases in cellular energy charge (112 



ADP + An):  (AMP + ADP + ATP) or ATP/ADP ratios are prevented by rapid 

inactivation of enzymes n%~onSibk for adenine nucleotide breakdom and adenosine 

production- For brah, post-mortem-induced changes in tissue ieveis of purines were 

minimi;red when animais wae killed by blow-feezing ( W i ï  et al., 1979) and focused 

microwave irradiation (DeIawy and Geiger, 1995,1996; Phillis et al, 1995). It appears 

that large differences are observed in adenosine levels among brain regions only in the 

absence of extensive post-mortem metabolism. In other tissues, great care must be taken 

to ensure that adewsine is neither being formed nor lost driring the sarnplhg period. In 

attexnpting to determine Ievels of adenosine near cell surface adenosine receptors, 

extracellular levels of adenosine in tissue transudates have been measured. Nanomolar 

concentrations of adenosine were memureci after the large amounts of adenosine produced 

by tissues that were damaged with iasertion of the microdialysis probe were aliowed to 

dissipate and stabiie (Ballarin et al.. 1991), using the closed cranial window technique 

(Meno et al., 1991), and using the corncal cup technique (Geiger et al., 1991). To 

measure levels of endogenous adenosine acairately, it is necessary to decide first whether 

to measure total tissue levels or extracellular concentrations, then to sample near the 

relevant site(s) of action, and to take proper steps to b i t  pre- and post-sampling 

productiodmetabolism of adewsine (Geiger et al., 1997). 

4. Eazymatic regdation of endogenous adenosine levdr 

P u ~ e  metabolism is involved in the maintenance of intra- and extra-cellular IeveIs 

of adenosine that under physiological conditions range between 0.1 and 1 pM (Onyd and 



Schrader, 1984). A prominent pathway for adenosine formation is the secpentiai 

dephosphorylation of adenosine triphosphate (Am) to adenosine diphosphate @Dl?) and 

adenosine monophosphate (AMP). The degradation of AMP to adenosine is catalyzed by 

5'-micleotidase (Megbji et aL. 1989). A minor synthetic pathway for adenosine, at Ieast in 

the brain, arkes h m  the hydrdysis of S-adenosylhomocysteine by S- 

adenosylhomocysteine hydrolase (Schrader et al., 198 1). Once forneci, adenosine is 

metabolised rapidly; adenosine's haGlife in in is only a few seconds. Adenosine may 

be metabolised by adenosine deaminase (ADA), adenosine kinase (AK). or S- 

adenosylhomocysteine hydrolase (see Fig. 1). ADA, located predominantly in celi cytosol, 

mediates the deamination of adenosine to inosine with a K, for adenosine of 20-100 pM 

(Geiger and Nagy, 1990). Some evidence of ecto-ADA activity has been shown in a 

variety of tissues (see Geiger et ai.. 1991, Martin et al., 1995). A .  is a cytosolic eazyme 

that phosphoiylates adenosine to AMP with a for adenosine of 0.2-2.0 p M  (Geiger 

and Nagy, 1990). AK activity is inhiiited by levels of endogenous adenosine only 5-times 

higher han basal levels (Phillis md Newshohe, 1979; Schrader et al., 1983; Mistry and 

Drummond, 1986). AK bas been isolated nom yeast (Leibach et al.. 1971), a varïety of 

mammalian sources (Paletla et al., 1980; Yamada et d,  1980; Rottiand and Miras- 

Portugal, l985), certain microorganisms (Lobelle-Rich and Reeves. 1983; Datta et al., 

1987), and CNS tissues (for review see Geiger et al., 1997). SAHH is an easily reversible 

intracelular enzyme, with a K,,, of 1-5 pM for adenosine (Geiger and Nagy, 1990)' that is 

involved in the metabolism of S-adenosyihomocysteine (SAH) to adenosine, and vice 

versa; S A H  formation is favoured because homocysteine levels are low and tightly 



Figure: 1. Intraceiidar and extraceiiular adenosine production and metabolism. 

Abbreviations: ATP, adenosine S'-triphosphate; ADP, adenosine 5'-diphosphate; 

AMP, adenosine 5'-monophosphate; MP, inosine 5'-monophosphate; ADO, 

adenosine; AK, adenosine kinase; ADA, adenosine deaminase. 



controUed (Geiger and Nagy, 1990). 

5. Trinsport 

Because transport processes contr01 the extraceiiular levels and actions of 

adenosine (Wu and Phillis, 1984), cbaracterization of uiese processes in CNS tissues is 

vital to our understanding of the neuroreguiatory actiom of adenosine. Transport is 

defined as the transfer of native permeant nom one side ofa  membrane to another and is 

different from uptake which refers to an accumulation of permeant substrate without 

regard to its uitimate metabolic fate. Adenosine transport across plasma membranes in the 

CNS was fht descriied by Santos et al. in 1968. Seven distinct nucleoside transport 

processes have been d e s c r i i  based on theù hctional and phannacological 

characteristics as welI as, in some cases, their moleailar structures. Currently, nucleoside 

transporters are classified accordhg to their (1) ability to translocate nucleosides across 

ceU membranes by facilitateci difi ion equiliirative processes or sodium-dependent 

transport systerns, (2) sensitivity or resistance to the blocking effects of 

nitrobenzy1thioinosine -1) and other nucleoside transport inhibitors, and (3) preference 

for purine or pyrimidine nucleosides as permeants. 

Equilibrative nucleoside transport processes typically are driven by nucleoside 

concentration gradients across ceIl membranes, appear to be bi-directionai, are widely 

distributed among maauoaiian ceils and tissues, exhibit broad penneant selectivities, 

transport aü endogenous nucleosides, are inhibiteci by dipyridamole and dilazep, and are 



subclassined according to their sensitivity to inh'bition by NB1 (equiüirative NBI-gemitive 

(es) transport and --%rative NBL-@mitive (ei) transport). 

Concentrative nucleoside transport processes are secondary-active systems that are 

inwardy dfiven by traasmembrane Na' gradients, appear to be limiteci to speciaiised cells, 

and are subclasdied &O _cncentrative NBI-LrnSenSitive purine-selective Lf = formycin] 

(czj) transport, two distinct gmcentrative NBI-Iuiseasjtive pyrimidine-selective = 

thymidine] (cit) transporters, gmcentrative NBI-:&mitive hroadly seleaive (cib) 

transport, and goncentrative NBI-sensitive (CS) transport (Table 2; for review see Geiger 

et al., 1997). An altemate numerid classification of the concentrative nucleoside 

transporters; @(NI), cit (N2 and N4), cib (N3), and CS (N5) represents the sequence in 

which the transporters were discovered (Crawford et al., 1990% b, c; Dagnino et al.. 

1991; WiIliams and Jarvis, 1991; Huangetal.. 1993; Wu et aL, 1992). 

5.1. Molecular structure of nudeoside transporters 

Of the equilibrative nucleoside transporters much more is known about es than ei. 

The es transporter is located in, for example, erythrocytes and Lymphocytes at densities of 

1 02- 1 o4 transporters/cell (Jarvis et ai., 1982; Smith et al., 1989) while in cuitured human 

choriocarcinoma (BeWo) ceUs es transporter demity is >IO' transporters/ceU (Boumah et 

al., 1992). The es transporter is similas to glucose transporter G L W  (for review see 

Cass, 1995) in that it contains 11 potential trammembrane-spaanùig domains (Gnffiths et 

al., 1997), but es is not recognized by an antibody specific for GGLUTl (see Cass, 1995). 

When purined, the es transporter protein migrates at -55 kDa on sodium dodecyl sulfate 



TABLE 2. Classincation of nucleoside transporters 

Ciass 
E~uilibrative 
(Na+ independent) 

Abbreviations: 4 adenosine; U, uridine; G, guanosine; I, inosine; FB, formycin B; Tu, 

tubercidin; Th, thymidine. W includes: A, U, G, I, FB, Tu, Th. 

Adapted fiom Cass (1995). 
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polyacrylamide electrophoretograms and binds NB1 with a stoichiomniy of 1 : 1 with a I& 

ranging fkom 0.1-1 .O nM (Cass et a(., 1974; Cass and Paterson, 1976, Jarvis and Young, 

1980; Jan& et aL, 1982; Paterson et al., 1985; Agbanyo et al., 1988). cDNA fragments 

(2.0-2.03 kb) encoding polypeptides, recognïzed by polyclonai antiiiodies s p d c  for the 

human eqtkocyte es transporter, have been isolateci nom a GDNA libmy prepared in a 

bactenophage expression system ftom cultureci human (BeWo) choriocarcinoma celis 

(Boumah et al.. 1994). Recently, a human placental cDNA with fùnctional characteristics 

of an es transporter has been cloned by GrBiths et al. (1997). The cloned hENTl 

encodes a 456 residue giycoprotein with a moldar  mass of 50,249 Daltons that shows 

no significant sequence simiIarity to other known transporters. However, the predicted 

amino acid secluence showed some homology to ZK809.4 and F16H11.3 in the 

Caenorhabditis elegmts genome, to the 517midue hypothetical protein FUN26 of 

Sacchmomyces cerevisioe (Mettee et al., 1993), and to the 36 kD mouse and human 

HNP36 proteins. 

Recently, cDNAs of three Merent proteins with sodium-dependent nucleoside 

transport activity were cloned and expressed (Pajor and Wright, 1992; Huang et aL. 1994; 

Yao et al., 1996) and termed SNST1, CNTl and CNTZ. The SNSTl sequence is 

homologous to the sodiudgiucose cotransporter termed GLUTl (Pajor and Wright, 

1992). Recombinant SNSTl expressed in Xenopus oocytes is characteristic of N3fcib 

sodium/nucleoside cotransport activity, and the predicted sequence suggests a protein of 

672 amino acids 3 potential N-Wed glycosylation sites, 12 trammembrane domaios, and 

2 sodium-binding sites. SNSTl mRNA was found in kidney and hart, but not liver and 



intestine- The sequence for rCNTl is 27% homologous with a bacteriai H%ucleoside 

cotransporter (Huang et al., 1994). R e c o m b ' i  CNTl expression in X e m p  oocytes 

exhibits N2/cit characteristics, including sodiumlnucleoside cotramport and transport of 

anti-HIV h g s  iucluding azidothymidne and dideoxycytidine (Huatlg et al.. 1994). The 

predicted cDNA sequence of rCNT1 suggests a protein of 648 amino acids, 14 

trammembrane domaias, 3.1% cysteine content, 3 N-tinked and 4 O-linked glycosylation 

sites, and 4 protein kinase C-dependent phosphorylation sites. CNTl mRNA was found in 

rat intestine and kidney, but not heart, brain, spleen, lung iiver or skeletai muscle (Che et 

al., 1995). Sodium-dependent transport was observed in dissociated brain celis nom rat 

and guinea pig (Johnston and Geiger, 1982; Geiger and Fyda, 1991), as weii as primary 

cultures of rat neurons and astrocytes @osli and Hosli, 1988; Bender et al.. 1994), and 

dorsal brain stem synaptosomes (Jawrence et al., 1994). Recently, mRNA for rCNTl 

was located in rat brain choroid plexus, postenor hypothalamus, superior couiculus, brain 

stem, striatuni, hippocampus, cerebellum, and cortex (Anderson et al., 1996). cDNA 

encoding a second d a n  nucleoside transporter (SPNT) belonging to the rCNTl 

family was isolated 6om rat liver (Che et al.. 1995). Subsequentiy, KNT2 (nomenclature 

of Yao et al.. 1996), was isolated nom rat jejunum expressed in Xenopus Iaews Oocytes 

and exhibits Nllcif characteristics. Comparative analysis of rCNT2 and SPNT showed 

that both contain a similar open reading ûame of cDNA, and both have a s idar predicted 

amino acid sequence except for consewative substitutions of glycine for alanine at residue 

419 and valine for isoleucine a residue 522 in rCNn. The predicted cDNA sequence of 

rCNT2 suggests a protein of 662 amino acid residues, 64% of which are identical to that 



ofrCNTI. Recentiy, M A  for rCNT2 was located in rat brain choroid plsais, posterior 

hypothalamus, superior coUicuius, brain stem, saiatum, hippocampus, cerebelium, and 

cortex (Anderson et al.. 1996). 

5.2. Criteria for nudeoside transport studies 

While transport of adenosine wacerns only permeation of nudeoside across the 

plasma membrane by one or more mediated mechanisms, uptake is a combination of 

transport and metabolism. Adenosine influx through nucleoside transporters can be more 

rapid than its subse~uent metabolism. Therefore, measurement of adenosine transport 

across plasma membranes in c d s  capable of metabolizing this substrate can only be 

measured accurately foiiowing very brief reaction intervals (initial zero-trans transport). 

Othemise, phosphorylation of transported adenosine by AK and entrapment of its 

phosphorylated derivatives inîraceliularly may lead to au over-estimation of the levels of 

adenosine accumulated as weli as [C values that reflect AK a&ty more so than 

adenosine transport. Aiternatively, deamination of adenosine by ADA may affect 

transport measurements because intraceliularly accumulated adenosine or inosine may act 

as cornpetitive substrates for the nucleoside transporters thus affecting both idux and 

efflux of adenosine down its concentration gradient. Metabolkm of transported adenosine 

may be overcome by the addition of inhiiitors of AK and ADA such as 5'-iodotuberocidin 

and 2'-deoxycoformycia, respectively. However, it is important to recognise that 

problems may aise because these inhibitors can serve as substrates for nucleoside 

transporters. Thus, criteria developed for an accurate measuement of adenosine transport 



kinetics include the use of (1) veiy short inaibation perÏodq (2) non-metabolised 

substrates for the transporter, or (3) tissues deficient in the enzymes thought to be 

responsible for metabolising the tramporteci substrate (Paterson et al, 1985). 

The cornpiex interactions between transport and metaboikm has lead to the use of 

alternative substrates for nucleoside transporters including uridine and formycin B (Jones 

and Hammond, 1992; Lee and Jarvis 1988b; Plagemann and Woihueter7 1983; Plagemaan 

and Woffendin, 1989). Uridine, a pyrimidine mcleoside is7 at least in some ceils, not 

metabolised extens~ely under short incubation conditions. However, because eucleoside 

transporters have a relativey low affniitv for uridine (&, 300 pM) (Stefanovich, 1983; Lee 

and JaMs 1988a) its usenrlness is limited (Geiger et aL, 1988). Formycin B. a poorly 

metabolized inosine d o g ,  has been used to characterize sodium-dependent and 

equilibrative transporters in a variety of tissues including guinea-pig ventricdar myocytes 

(Conant and Jarvis, 1994), S49 mouse lymphoma celis (Plagemann, 1991a; Plagemann, 

1991b; Plagemann and Woffendin, 1989), and mouse leukemic L1210/MA27.1 ceils 

(Borgland and Parkinson, 1997). 

Recently L-adenosine has been proposed for the aaalysis of nucleoside 

transporters. L-Adenosine, the stereoisomer of D-adenosine (see Fig. 2), and other L- 

ribose-substituted nucleosides were fist synthesized over 30 years ago. in hopes of 

developing more metabolically stable analogs for faciiitation of nucleic acid studies and 

investigation of the therapeutic usefulness of nucleosides (Acton et al., 1964). The L- 

isomer of adenosine was not metabolized by ADA in Aspergi'IIus o w e  nor was the L- 

isomer of 5'-AMP dephosphorylated by 5'-nucleotidase in T i r e ~ t r r ~ s f l ~ v o v i r i d i s  (Asai 



et al. 1967). Pharmacologically relevant concemtmtions of L-enantiomers of adenosine, 

AMP, ADP, ATP, and 5'-(wethy1carboxamido)aden~sine were found to be inactive in 

tests of human platelet aggregation (Cusack et al., 1982), and relaxation of guinea pig 

taenia coli (Cusack and Planker, 1979). [%CIL-  de no sine was first used as a substrate for 

passive and facilitative diniision qstems in mouse eryrhrocytes and L-121O/AM cells (Gati 

et al. 1989); transport rates of D-adenosine were higher than L-adenosine. In wntrast, 

Gu et al. (1991) showed that rat cerebral cortex symptoneurosomes lacked 

stereoselectivity for the ribose moiety of adenosine. [m~-  de no sine was affécted by 

neither by ADA nor by AK, thereby suggesthg that it is more metabolicaily stable than 

[3Hj~-adenosine, and accumulation af Ladenosine and D adenosine occurred by similar 

processes in rat brain synaptoneurosomes (Gu et ai., 1991). This was later supported by 

similar hdings in chromafi celis (Casillas et al., 1993). Subsequently, [%IL-adenosine 

transport was shown to be significantly faster than its subsequent metaboiism in rat 

cortical synaptoneurosornes (Gu and Geiger, 1992). We proposed to use [3HJL-adenosine 

as a probe to chafacterize nucleoside transporter(s) involved in adenosine uptake and 

release in heterogeneous rat brain syiiaptosomal preparations. We hypothesized that such 

studies would help m e r  iden* adenosine transport inhibitors which wuld act as 

enhancers of extraceilular levels of endogenous adenosine especidy if (1) the inhibiton 

block influx to a greater degree than efaux (release) of intracellular adenosine or (2) the 

inhibitors block equaliy weil the influx and efllux of adenosine, but sipnincant amounts of 

adenosine are fonned as a result of dephosphorylation of released adenine nucleotides. 



Figure: 2. Chemical structure for D- and L-adenosine. 



5.3. ReIc~wt  

Adenosine release may be induced by depolaiization, veratridine, glutamate 

receptor agonists, electrical stimulation, glucose and oxygen depnvatioa, ischemia, and 

hypertonie sodium chioride (White and Hoehn, 1991: Maazoni et al-, 1994; Baudourin- 

Legros et al, 1995). A portion of adenosine release fiom mme preparatiom bas been 

shown to be calcium-dependent, and to date adenosine has not been shown to be 

contained in or released fkom synaptic vesicIes (Cahiii et ai., 1993). The moa cornmon 

mechanism impiicated in adenosine release is efHux through bidirectional nucleoside 

transporters. Characterization of adenosine release is dEcult to do with radiolabeled 

adenosine because of its metabolic instability. 

Direct involvement of nucleoside transporters in adenosine release may be studied 

by measuring zero-tram ef&or of metabofidy stable substrates for nucleoside 

transporters. Method~logidy~ cells are pre-loaded with [3~-~abelled substrate, 

separated fiom theu loading medium foilowed by resuspension in b a e r  not containhg 

any substrate (zero-tram), wherein the subsquent release of [3~-labelled substrate is 

measured. Using this type of experimental approacb, nucleoside release mediated through 

es transporters has been characterized in a variety of ceiis and tissues (Jarvis, 1986; Phillis 

et al., 1989; Plagemaun and Woffendin, 1989; Plagemann et al.. 1991b; White and 

MacDonald, 1990; Cunha and Sebastiao, 1993). 

Evidence for adenosine efflwc through its transporter has b e n  obtained indirectly 

fiom findings that nucleoside transport inhibitors including Dm, DPR and NB1 inhibit the 

basal release of adenosine f?om rat cerebeliar synaptosomes (Clark and Dar, 1989), murine 



neuroblastoma ceiis defiCient in AK (Green, 1980), primary cuitures of rat giid -US 

(Caciagiï et al., I988), and prhary cultures of chick neurones and glia (Meghji et al., 

1989). These inhiiitors also decreased the evoked release of adenosine fkom purifieci 

cholinergie nerve terminais of rat caudate nucleus (Richardson and Brown, 1987), 

cultured sympathetic neurons (Tokovslq and Suidan, 1987), rat hippocampal and 

hypothalamic slices (Fredholm and Jona>n, 1981; Ionzon and Fredhoim, 1985). and 

rabbit retina (Perez et d. 1986). 

6. Inhibiton of nudeoside transporters 

There are fbe categories of nucleoside transport inhibitors based on their chernical 

structures; purine ribosides (NBI), pyrimidopyrimidine denvatives @PR), substituted 

piperazines (rnioflazine, ~oluflazine)~ tertiary amine diazepine compounds (diiazep), and 

xanthines (propentofjdline) (see Fig. 3). NBI, although not chicaily used partly due to its 

metabolic instability (Van Reempts et al.. 1988), is a valuable probe for nucleoside 

transport systems at the whole animal, in vitro and moleailar levels (see Geiger and Fyda, 

1991) mainly because it is a very potent and selective inhibitor of es. DPR is used 

clinically and experimentally as a dilator of coronary and cerebral arterioles, a platelet anti- 

aggregator, an enhancer of the pharmacological e f f i s  of modifieci nucleosides including 

3 '-azido-3 '-deoxythymidine and 2',3 ' -dideoxycytidi~e~ and an inhibitor of cGMP 

phosphodiesterase activity and readve oxygen species formation (Dawicki et al.. 1985; 

Rhodes et al., 1985, Iuliano et al. 1989; Bult et al.. 199 1). Both [ 3 ~ ~  and L~HIDPR 

have been used to study the locaiization of adenosine transporters in the CNS by 



autoradiographic and membrane binding methods (Geiger and Nagy, 1984, 1985; Geiger, 

1986; Bisserbe et d.  1992). Miofiazine and s o l ~ e  are prototype dnigs that inhibit 

adenosine transport, produce vasodüation, decrease tissue damage secondary to 

myocardid isdiemia, cause sedation, increase the quality of sleep, and appear to be the 

ody adenosine transport inhibitors capable of entering the brain foilowing parenteral 

administration (Wauquier et aL, 1987). DZP is ciinidy useM as a vasodilator for 

decreasing coronary and total v d a r  resistance, and inmeashg coronary blood flow in 

patients diagnosed with aagina (Mard i  et aL. 1984). Propentofyiiine hctions at low 

concentrations to &'bit es transporters whiie at higher concentrations it blocks ei and 

Nllciftransport (Parkinson et al., 1993). In addition, propentofyibe can antagonize Al, 

A2A and A2B adenosine receptors, inhibit microgüd activation and stimulate nerve 

growth factor. 

Transport inhibitors, by blocking adenosine influx, might be expected to enhance 

the extracellular levels of adenosine if the extraceiiular adewsîne originated as released 

adenine nucleotide, or if the inh io r  was seiective in decreasing the uptake but not the 

release of adenosine through bidirectiond transporters Cpazzagli et al., 1993; Bdarin et 

al., 199 1; Park and Gidday, 1990; Phiüis et al., 1989). Transport inhibitors might, 

alternatively, decrease extracellular levels of adenosine if adenosine is formed 

intraceiiularly and released through bidirectionai transporters, and if the inhibitor blocked 

release to a greater degree than uptake. Thus, it is important to characterize the degree to 

which C N S  nucleoside transporters mediate adenosine release, identify those adenosine 

transporters primarily involveci in adenosine release and determine the physiological and 



Figure: 3. Chernid structures ofadenosine transport inbibitors. 
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pathologicai si@cauce of these processes so that adenosine transponirelease blockers 

may be exploiteci for therapeutic ben& Towards this end the following studies were 

perfomied. 



1 Chaptcr 1. Bi-directional Nudeoside Trrnspocters Function in the Release of 

[ m ~ ~ d e n o s i n e  fmm Rat Briin Synaptosomil Repamtions. 

ABSTRACT: Menosine transport inhi'biton as enhancers of extraceiiuiar levels of 

endogenous adenosine wouid piesumably, only be effective it; for example, (1) the 

inhibitors block influx to a greater degree the efaux (release) of intraceiiular adenosine or 

(2) the inhibitors block equ* weîi the influx and d u x  of adewsiue, but significant 

amounts of adenosine are formed as a remit of dephosphorylation of released adenine 

nucleotides. Limited information is avaiiabIe regarding the directional symmetry of 

adenosine amsporters in neural celis. Using rat brain crude P2 synaptosomal preparations 

preloaded with [QL-adenosine, an enantiomer of the physiological D-adenosine, our 

objectives were to determine (1) ~[~KJ~-adenosine, a subsrnite for adenosine transporters 

that is more metabolically stable than physiological D-adenosine, was behg released from 

synaptosomal preparations, (2) the optimal conditions necessary to observe release? and 

(3) the degree to which this release was mediateci by etaux through bidirectional 

nucleoside transporters. [%IL-~dewsine release was found to be concentration and time 

dependent, temperature sensitive, and hear with synaptosomal protein. t a ~ - ~ d e n o s i n e  

was inhibited dose-dependantiy by dipyridamole, nitrobenzylthioinosine, and dilazep; at 

concentrations of 100 pM inhibition was at Ieast 40% for dipyridarnole, 52% for 

nitrobenzylthioinoshe, and 49% for dilazep. M e r  loadiig with [3~~-adenosine alone or 

[3Hl~-adenosine plus unlabeled L-adenosine, D-adenosine, or uridine, [3~~-adenosine 

' Gu, J.G. Foga, 1.0. Parkinson, FE. and Geiger, JD.: Iwolvernenî ofbidirectiod adenosine 
transporters in the release of L-[madenosine hwi rat brah synaptasomai preparations. Journal of 
Neurochemisby 64:2 105-2 1 10,1995. 



reIease was inhiiited 42% by L-adenosine, 69?? by uridine, and 8 1% by D-adenosine. The 

inhiiition of [m-adenosine release from the synaptosomal preparations by substrates for 

or inhibitors of nucleoside transporters suggests that a portion of the release was mediated 

by nucleoside transporters. This experimental system may prove usefiil for evaluating the 

effects of pharmacological agents on bidirectionai transport ofadenosine. 

INTRODUCTION 

The uptake of adenosine iuto nairal cells by nucleoside transporters is an 

important mechanism by which extraceUuiar levds of adenosine are controiled (Wu and 

Phillis, 1984; Geiger and Fyda, 199 1). It follows, therefore, that inhiition of nucleoside 

transport may increase the extracellular b e l s  of endogenous adenosine. In so doing, 

adenosine's actions, through bhding to and activation of cell surface receptors, could be 

enhanced. Such an approach to the deveiopment of pharmacological agents could 

presumably yield agents that may selectively enhance the actions of adenosine when and 

where adenosine is being produced. If this is successfÙl, adenosine transport inhibitors may 

be identined that could enhaace some of the neuroprotective properties of adenosine 

(Wiliiarns, 1989; Geiger and Fyda, 199 1; Rudolphi et al, 1992a). 

Less than 10 years ago, adenosine transport into a variety of ce11 types including 

those derived fiom centrai and peripheral tissues was thought to be handled by a single 

class of nucleoside transporters that were equilbrative and sensitive to the inhibitory 

actions of a wide range of nucleoside transport blockers. Subsequent to this at least six 

classes of transporters have been identified and classineci on the bais of inhibitor 

sensitivity, subsnate specificity, and sodium ion dependence (Viayalakshmi and Belt, 



1988; Geiger and Fyda, 1991; w.illiam and JaMs, 1991; Jones and Hammond, 1992; 

Parkinson et al., 1993). At least some of these nucleoside transporters have been show 

to be bidirectional such that either infîux or ef&a of substrates can occur (Jaxvis and 

M& 1986; Plagemanu and Woffendin, 1989). 

To our knowledge, it is presently unknown whether the best characterised 

adenosine transporter in the CNS, the ~%ratk~inhi&idor-sensitive system, or for that 

matter any of the CNS transporters identifid to date, bction as bidirectional 

transporters. Further, even for the equüibrative-sensitive adenosine transporter, it is 

unknown whether, or the degree to which, adenosine transport inhibitors can selectively 

block idwr or e a u x  Moreover, depending on tissue preparation and stimuli useci, it has 

been show that extracellular adenosine cm result from either its release per se or fiom 

metabolism subsequent to the release of adenine nucleotides (White and Hoehn, 1991; 

Craig and White, 1993). On the basis of these findings, it appears diflticult to predict a 

priori whether an inhiitor of adenosine transport would increase or decrease extracellular 

levels of adenosine. Thus, the devdopment of adenosine transport inhibitors as 

therapeutic agents appears to be progressing in the absence of experimentai systems with 

which to test for bidirectional hction and of data necessary to predict whether a 

particular agent may aliow adenosine to exit cefls yet prevent its uptake. 

One of the major problems in testing for directioaal symmetry and in deterrnining 

effects of pharmacologicai agents on bidirectional transport of adenosine is that adenosine 

is metabolically unstable; this prevents ccloadhg" cels with adenosine and subsequently 

determining release characteristics. We recently showed that L-adenosine, a more 



metabolidy stable stereoenantiomer of the physiological D-ademsine, was transported 

into synaptosomal preparatiom, at least in part, via nucleoside transporters (Gu et ai., 

1991; Gu and Geiger, 1992). This suggests to w that L-adenoshe may be useful in 

studying nucleoside transporter-mediated release prOceSSeSOceSSeS Ken, we report some 

characteristics of [3H&adenosine release nom rat brain synaptosomal preparatiom and 

show that this release appears to be due, at least in part, to efnw through adenosine 

transporters. This system may be usefil in characterizhg the bidirectional hc t ion  of 

C N S  adenosine transporters and in identifjing h g s  capable of seldvely influencing 

adenosine ùiaux or efflux. 

M.ATERIALS AND METHODS 

Mateus: [3a~-~denosine (13 Cilmrnol) was purchased fiom Moravek Biochemicais 

(Brea, CA), 'HG (1.0 mCi/g) was fiom Amersbam Canada Ltd. (Oakville, Ontario). 

[3m-~denosine (6 1.5 Cihnmol) was fiom DuPont Canada (Mississuaga, Ontario). 

Nitrobenzylthioinosine, dipyridamole, and D-adenosine were from Sigma Chernical Co. 

(St. Louis, MO). Generous gifis of L-adenosine and dilazep were supplied by Dr. K. 

Flora of the Dmg Synthesis and Chemistry Br- Division of Caacer Treatment, 

National Cancer Iastitute and F. Hoffmann La Roche, Basel, Switzerland, respectively. 

Statistical analyses were carrieci out by one way ANOVA with Bonferroni correction, 

Student's f tests, and nonlinear regressions using Instat and GraphPad PRISM (Biosoft). 

AU data were expresseci as mean values and SEM. Statistical significance was 

considered to be at the p<0.05 level. 



Svna~tosomai Prt~aration: Mde Sprague-Dawky rats weighhg 300 t 25 g obtained 

from the University of Manitoba Central Anunal Care breeding facility were kiiied by 

decapitation. Brains were removed and placed on an icecold plate and cerebral cortices 

were dissected out and homogenized (25 strokes) in a Teflon-giass homogenizer 

wntaining 10 volumes ( d v )  of 0.32 M sucrose. Homogenates were centrifiiged at 

1,800 g for 5 min, and supematants were centrifûged at 13,000 g for 20 min. Peiiets 

(crude PZ synaptosomal &action) were resuspended in HEPES bufFér (in mM: NaCl, 110; 

giucose, 25; sucrose, 68.3; KCi, 5.3; CaCI*, 1.8; MgSOc 1.0; HEPES, 20; pH 7.4) and 

centrifugeci at 13,000 g for 20 min. AU synaptosomal procedures were conducted at 4OC 

unless otherwise indicated. 

S~iuiotosomai Release Assav: Synaptosomal pellets (- 0.8 mg of protein DO0 (il) were 

resuspended in HEPES b s e r  containing, unless otherwise indicated, 10 pM [QL- 

adenosine (0.5 mCü pmol). Synaptosomes were incubated at 37OC for 30 min and 100 pl 

aliquots were traasferred to microcentnnige tubes and were centrifugeci at 13,000 g for 2 

min. Supematants were aspirated and tubes containing pellets were kept on ice until taken 

for assay. Al1 assays were completai within 1.5 h of tissue preparation. Pellets were 

washed with 1 mi of ice-cold HEPES bufter, foiiowed by immediate aspiration. Release 

was initiated by vortex mUang after addition of 1 ml of p r e w m d  (37OC) HEPES b d e r  

in the absence or presence of either nucleoside substrates or nucleoside transport 

inhibitors. Unless otherwise indicated, reactions were performed at 37OC for 30 sec, 



wnditions whae release increased üwarly with increasing inaibation times. [m- 
Adenosine release was terminated by centdbgation at 13,000 g for 1 min. Supmtmts 

were rernoved and 0.5 ml aliquots were taken for measuemeat of radioactivty by 

scintillation spectroscopy. Pellets were digested in 1 ml of 0.1 M NaOH ovemCght and 

analysed for protein determination using the method ofLowry et aL [1951]. 

Release as a hction of synaptosomai protein concentration was determiued 

ushg 0.2-2 mg of synaptosomal protein loaded with 100 phd [%JL-adenosine. [QG 

Adenosine release as a fûnction of the length of incubation penod was determined at two 

temperatwes, 37OC and 4OC at r d o n  t h e  intervais that ranged from O to 600 sec. 

Synaptosomes (P2) loaded with [3HlLadenosine at concentrations of 1, 10, and 100 p&d 

were used to detennine the release profiie as a hction of loading concentrations. The 

effects of various agents including KCl (50 mM). the nucleoside transport substrates (10 

IXM) L-adenosine, D-adenosine, and uridine, and the nucleoside transport inhibitors (100 

jM) dipyridamole @PR), nitrobenzylthioinosiw N I ) ,  and dilazep (Dm) on i 3 4 ~ -  

adenosine release fiom synaptosomes (P2) loaded with 10 pM [3~]~-adenosine were 

de t eded  by adding these agents simultaneously with buffier during resuspension of the 

ha1  pellet. One percent dimethyl sulfoxide (DMSO), used for dissolving DPR and MI, 

had no signüicant effect on [3~~-adenosine release. Dose-dependent inhibition profiles 

for DPR, NBI, and DZP were detemined ushg concentrations of these inhibitors ranging 

fkom 0.01-100 pM. To determine whether nucleoside transport substrates on the cis side 

of synaptosomal membranes could affect [3~~-adenosine reiease, synaptosomes (P2) 



were loaded with 10 p M  [%ilIL-adenosine plus 2.5 mM L-adenosine, D-adenosine!, or 

uridine- 

Adenosine metabolism was determined by a previously demieci TLC method (Gu 

and Geiger, 1992). 

RESULTS 

[%IL-  de no sine was accumulateû by crude PZ preparations of rat brain 

synaptosomes with typical tissue/rnediwn ratios of -1 -2: 10. [m-  de no sine release 

experhents with purifiai hctions of microsornes and màochondria, both of which are 

contained in the crude P2 &action, were not wnducted because of previous f'hdings that 

adenosine was not released corn these subceiidar î?ations (Hoehn and White, 1990). 

Synaptosomes (P2) preloaded with [QL-adenosine reieased more [3HJL-adenosine at 

37°C than at 4°C aud the amount released inmeased with tirne (Fig- 4). When 

synaptosomes (P2) were loaded with 100 )LM [3~~-adenosine (Fig. 4), [3~~-adenosine 

release (pmol/mg of protein) at 37OC was 1 1.7 at thne zero and 303 at 600 sec, whereas at 

4OC the release was O at t h e  zero and 30 at 600 sec. In cornparison, at 37OC the amount 

of [3HlL-adenosine (pmol/mg of protein) rernaining in the pellets was found to deaease 

fiom 451 at time zero to 119 at 600 sec, and at 4°C was found to be 513 at time zero and 

383 at 600 sec. The release iacreased hearly (d.919) fiom - 2 pmoV30 sec at 0.2 mg 

of brain protein to -1 50 pmol/îOsec at 1.8 mg of brain protein (data not shown). 

The release of [m~-adenosine iacreased with higher concentrations of [ 3 ~ ~ -  

adenosine (Fig. 5). For example, when synaptosomes (3%) were loaded with 1 pM L~H]L- 

adenosine, the release @moVmg of protein) was 0.72 t 0.07 at O sec and 1.1 + 0.2 at 3 0 



Figure: 4. [ 3 ~ - ~ d e n o s i n e  remaining in synaptosomes (squares) or released into 

supernatant (circles) as a hction of incubation time at 4°C (open symbols) or 37OC 

(closed symbols). Synaptosomes were preloaded with 100 p M  [3~-adenosine at 37T 

for 30 min. Symbols represent mean values obtained fiom three experiments, each of 

which was performed in duplkate. 





O 60 600 O 60 600 O 60 600 

Time (sec) Time (sec) Time (sec) 

Figure: 5. Release of [%IL-adenosine fiom synaptosomes preloaded with L~HJL- 

adenosine at 1 p M  (A), 10 ph4 (B), and 100 ph4 (C). Incubations were from O to 600 sec 

at 37°C. Symbols represent mean + S.E.M. (bars) values corn at least four experiments, 

each of which was performed in duplicate. 



sec, 0.38 pmoVmg of protein»Osec; when loaded with 10 IiM, the release was 3 -6 f 0.4 at 

O sec and 7.6 f 1.1 at 3Osec, 4-0 pmoVmg of proteid30sec; and when loaded with 100 

CIU, the release was 11.5 f 0.5 at O sec and 109 i 6.3 at 30 sec, 97.5 prnolhg of 

proteid30sec. In 30 sec at 37"C, synaptosomes (P2) loaded with 10 &M [3H&-adenosine 

released -66% of the [%&-adenosine accumuiated during the preloading perïod. During 

the period of time encompassing the release experiments, >93% of the radiolabei in the 

pellet was recovered as [3HJL-adenosine, where as >98% of the released radiolabel was 

recovered as ['HP.-adenosine. ûur previous work suggests that the most likely 

metabolites were phosphorylated derivatives (Gu et al.. 199 1). 

At 100 pl4 concentrations of the nucleoside transport inhibiton (Fig. 6), release 

was significady (pc0.01) inhibited by 40% with DPR and 52% with NB1 relative to a 1% 

DMSO vehicle control, and by 49% with dilazep relative to a b&er control. Neither 50 

m .  KCl nor an isoosmotic amount of sucrose (100 mM) enhaaced ['H]L-adenosine 

release signincantly Pig. 6). In a separate series of experiments, we found that [3Hj~- 

adenoshe release was inhibited dose-dependently by the nucleoside transport inhibitors 

DPR, NBI, and DZP. Statistically significant inhibitions were obse~ed starting at 1 ph4 

for dilazep (pc0.01) and NB1 @<0.01), and at 10 for DPR (p<0.01). At 100 pM 

concentrations, the inhibition of release was 41% for DPR, 42% for dilazep, and 77% for 

NB1 (Fig. 7). 

To fùrther test the extent to which [3HJL-adenosine was released through 

nucleoside transporters we conducted experiments where the nucleoside transport 

substrates L-adenosine, D-adenosine, or uridine were either added to reaction vessels at 



Con KCI Sucriose DMSO DPR N6i DZP 

Figure: 6. Release of [%IL-adenosine fiom rat brain syoaptosomes in the absence 

(Con=control) or presence of 50 mM KCl 100 mM sucrose, 1 .O% DMSO, 100 p M  NBI, 

or 100  LM dilazep (DZP). Synaptosomes were preloaded with 10 p M  [3Hl~-adenosine 

and release was measufed at 30 sec. Data are mean t SEM. values fiorn at least five 

experiments, each of which was performed in duplicate. ***p<0.001, DPR vs. 1 .O% 

DMSO vehicle control; * *p<0.0 1, NB1 vs. 1 -0% DMSO vehicle control; ++p<O.O 1, DZP 

vs. buffer control (Con). 



Concentration of Inhibitor 

F i p n :  7. Release of [3~-adenosine fiom rat brain synaptosomes in the presence of 

DPR (closed triangles), NB1 (closed squared), and dilazep (closed diamonds) at 

concentrations rmging fiom 0.01 to 100 pM- Synaptosomes were preloaded with 10 p M  

[3HJ~-adenosine and release was measured at 30 sec. Data are mean B.E.M. values fiom 

at least five experirnents, each of which was performed in duplicate. 



the t h e  of initiation ofrelease (tmm expriment) or were preloaded into synaptosomes 

(P2) before the initiation of release (ci' experiment). For the cis experiment, we found 

that [%IL-adenosine release was inhibiteci 42% by Ladenosine, 65% by uridine, and 81% 

by D-adenosine vig. 8). In the cis-loaded synaptosomal preparations, the amount of 

[%&adenosine accumulateci by the tissue in the absence of nucleosides (13,620 f 783 

dpm) was not siBnificmtly different fiom samples preincubated with [%IL-adenosine and 

unlabeled L-adenosine (l3,3 3 8 f 1,264 dpm), uridine (1 5,118 f 884 dpm), or D- 

adenosine (14,525 f 1,3 82 dpm). For the tram experiment, none of the three nucleosides 

tested affected release signincantly when applied at concentrations of 10 mM Vig. 9). 

DISCUSSION 

Increasing extracellular levels of endogenous adenosine through inhibition of its 

uptake into ceiis may efkctively enhance the neuroprotective actions of adenosine in a 

more site-directeci and event-specinc manner, and with fewer side effects than might be 

expecteâ with, for example, adenosine agonists because adenosine receptors are widely 

distributed throughout the body. Accordingly, uptake inhibitors would presumably work 

to markedly increase adenosine levels oniy when and where adenosine was being 

produced. However, predicting whether adenosiae levels would increase, deaease, or 

remain the same afker inhibition of nucleoside transporters appears djfiicult at present and 

the following considerations apply. 



Con c h  L-Ado ci' O-üridine ci8 Dado 

Figure: 8. Release of [ 3 ~ ~ - a d e n o s i n e  fiom rat brain synaptosomes preloaded with 10 

p M  [3~~-adenos ine  alone (Con=control) or 10 pM [ 3 ~ ~ - a d e a o s i n e  plus 2.5 mM L- 

adenosine (L-Ado), D-uridine, or D-adenosine (D-Ado). Data are mean -+ S E M  values 

Eom at Ieast five experiments each of which was performeà in duplicate. *p<0.05, L- 

adenosine vs. control; * * *p<0.00 1, Puridine and D-adenosine vs. coatrol. There were 

no statistically significant ciifferences between the L-adenosine, D-uridine, and D- 

adenosine groups. 



Con bMS L4da bMs û-üridine tram Dado 

Figure: 9. Release of [-'H]L-adenosine fkom rat brain syuaptosomes in the absence 

(Con=contrd) or presence of 10 mM L-adenosine, D-uridine, or D-adenosine. 

Synaptosomes were preloaded with 10 pM [3Hl~-adenosine and release was measured at 

30 sec. Data are mean f S.E.M. values fiom at least three experiments, each of which 

was perfonned in duplicate. 



F i  at least some nucleoside transport- mediate adenosine's influx into as weii 

as its efllux (re1ease) out of cefls- Presently, at Ieast three admosine transporter subtypes 

have been identifieci in newous system tissues (see Geiger and Fyda, 1991); however, little 

information is avaiiable about their roles in mediating adenosine efliux, Therefore, the 

bidirectional hction of the hvolved adenosine transporter(s) must be determined before 

one would be able to predict whether an inhibitor was effective in inhiiiting influx 

selectively without affkcting enlun 

Second, for each tissue and for each experimental paradiigm used, it is necessary 

to know the degree to which extracellular adenosine originates from adenosine that is 

released per se âom intracelidar sources or originates from extracellular 

dephosphorylation of released adenine nucleotides. CNS tissues are known to release 

adenosine per se as weIl as adenine nucleotides and the ratio of nucleosidehcleotide 

release has been found to Vary between types of tissue preparation and release stimuli used 

(White and Hoehn, 1991; Craig and White, 1993). Thus, in the absence of a more 

complete understanding of bidirectional adenosine transport in the CNS, as weU as the 

sites at which and the conditions under which adenosine is released from neutal tissues, 

development of adenosine transport inhibitors as therapeutic agents may remain a ditficult 

task. To provide such information requires appropriate experimental systems and our 

description here of the release of [3~~-adenoshe  fiom rat brain synaptosomal 

preparations represents a step towiuds that goal. 

Up to the present, accurate measurements of nucleoside transporter-mediated 

release processes were impossible with physiological D-adenosine because it was rapidly 



metabolised to its phosphoxylated and deaminateci products. Howevet, the releese process 

can be daermùied by alternate substrates for the transporter that have afnnites simila to 

D-adenosine. L-Adenosine (the stereoenantiomer of D-adenosine) appears to fit these 

criteria in that (1) L-adenosine is more stable metabolidy than D-adenosine, (2) G 

adenosine is a substrate for CNS adenosine transporters, aml (3) the affinity for 

synaptosomai adenosine transporters for L-adenosine is comparable with that for D- 

adenosine (Gu et al., 1991; Gu and Geiger, 1992). Although nucleoside transporter 

penneants such as formycin B and uridine, at Ieast in some tissues, appear to be more 

stable metabo lically than D-adenosine (Plagemann and Woffendia, 19891, their usefulaess 

as permeants of oucleoside tramporters in the C N S  may be limiteci by the relatively low 

aninity with which C N S  transporters recognise and carry these nucleoside substrates (Lee 

and Jan&, I98ûa). 

Our findings in the present study that [%JI,-adenosine was avidiy taken up by 

synaptosomes agrees with our previous find'mgs with synaptoneurosomes where the 

uptake of [3H&-adenosine was blocked up to 65% by the nucleoside transport innibitor 

NB1 as well as by Dadenosine. Thus to a large extent uptake was mediated by 

equiiiirative carrier-mediated adenosine transporters (Gu et al., 1991; Gu and Geiger, 

1992). In agreement with our previous results with synaptoneurosomes (Gu et ai., 1991), 

[3~~-adenosine was, in the main, metabolidy stable in our synaptosomal preparation; 

7% was metabolised in 30 min at 37°C. Knowing this, we began examinllig conditions 

under which preloaded [3w~-adenosine was released. We found that simply resuspending 

the pellets containing [%IL-adenosine in a 37°C buffer was sueticient to initiate release; 



this indicated that the release r d t e d  fiom flow down a concentration gradient. The 

release increased by a factor of 10 when the preloading concmaation of [%JI,-adenosine 

was inaeased fkom 1 to 10 Howwer. when the preloading concentration of PEIJL- 

adenosine was inmased to 100 pM, the release was -24 times that seen at 10 pM. This 

may indicate that at higher loaduig concentrations, [3H&adenosine release exhibits a 

more compiicated kinetic profiie or the involvement of alternative compartments fiom 

which andfor mechanisms by which [%JL-adenosine is released ffom these preparations. 

That this release results fiom etEIw at least partialiy due to carrier-mediated 

equilibrative nucleoside transporters was supported by our fhdings that release was 

partiaiiy blocked by nucleoside transport inhiiitors DPR, NB& and dilazep starting at low 

micromolar concentrations. Further, release was inhibited by preloaded (cis experiment) 

nuckosides L-adenosine, D-adenosine, and uridine. Of the three nucleosides tested at 2.5 

mM concentrationsy there was a tendency for D-adenosine and D-uridine to be more 

effective than L-adenosine at reducing [3H&adenosine release. These hdings, although 

not sî@cant statisticalIyY may indicate that at least a portion of the release mechanism is 

nucleoside stereospdc. The above fhdings appear consistent with influx studies, where 

equilibrative nucleoside transporters were identifid on rat brain synaptoneurosomes and 

synaptosomes (Lee and JaMsy 19886; Gu et al., 1991). The portion of [madenosine 

release that was neither inhibited by transporter inhibitors nor by transporter substrates 

may represent efaux by simple diniision However, M e r  studies are necessary to 

determine more precisely the nature of the adenosine transporter governing L-adenosine 

transport and release. 



We were not able to demonstrate release of [%&-denosine evoked by 50 mM 

KCl even though such stimuli were previously shown to cause a modest release of 

adenosine fiom rat cortical slices and synaptosomes (MiwDonaid and White, 1985; White 

and Ho* 1991). We cannot at present d e  out the possibility that an enhanced release 

of [m-adenosine may have been masked by KC1-induced formation of endogenous D- 

adenosine. Mer di, we did find that [m-adenosïne release wuid be inhi'bited by cis- 

Ioaded D-adenosine. 

[%'IL-  de no sine release was not enhanceci in the presence of the nucleoside 

substrates L-adenosine, D-adenosine, or uridine. T r m  stimulation of nucleoside 

transport has been observed in oniy a few cd types such as human, pig, and mouse 

exythrocytes (Plagmam and Woffendin, 1988). Our fïndings are consistent with the 

interpretation that the equilibrative nucleoside transporters respo~l~lile for controiiing the 

release of [)H]L-adenosine nom rat brain synaptosomes transport substrate equaiiy weU 

when the transporters are either tmns empty or trm Loaded. 

The test system described here shouid help to facilitate pharmacologicai characterisations 

of adenosine transporters involved with adenosine release in the CNS. 



*chaptu 2. Nudeoside Transport Mediatecl Uptake and Rdtwe of [ m ~  
Adenosine in DDT1 MF92 Smwth Muscie Cds. 

ABSTRACT.. [%IJL-  de na si ne, an enantiorner of the physio10gicai D-adenosine, was 

show prwiously to be taken up and released, at least in part, through nucleoside 

transportas in nit brain preparations. In the present study, we used clonal smooth muscle 

DDTl MF-2 cens that wntain alrnost exclusively equüt'bnative inhiibitor-sensitive (es) 

nucleoside transporters to test the hypothesis that L-adenoshe is a permeant for these 

bidirectional nucleoside transporters. DDT1 MF-2 cells accumulateci approximately 3- 

times more [3a~- than [3H&-adenosine; 10 pM nitrobenzyithioinosine signikantiy 

(pc0.01) inhibited the accumulation of ~WD-adenosine by 86% and of [%jL-adenosine 

by 63%. The 1Cso values for the niaobenzyithioinosine-semitive portions of [QL- and 

[3HJ~-adenosine accumulation were 1.6 and 2.0 nM, respectively. [%TJ~-~denosine 

accumulation was signincantiy @<O.OS) inhibited by up to 72% with L-adenosine and 

[%IL-adeaosine accumulation was significantly (pc0.01) inhibited by up to 52% with D- 

adenosine. Release of accumulated [3HlL-adenosine was temperature- and time- 

dependent, and was significantly (p<O.OS) reduced by 47% with dipyridamole, 39% with 

dilazep, and 45% with nitrobenzylthioinosine; the apparent ICm value for 

nitrobenzylthioinosine was less than 1 nM. These data indicate that a significant 

proportion of [3HJL-adenosine uptake and release in DDT1 MF-2 celis is mediated by es 

nucleoside transporters. 

* Foga, 1.0. Geiger, J.D. Parkinson, FE.: Nucieoside transporter mediated uptake and release of [%IL- 
adenosine in DDTl MF02 smooth muscle ce&. Eur. .L Phmacol. 3 I8:455-460, 19%. 



INTRODUCTION 

At least seven nucleoside transporters have been identifid to date, and 

characterid broadly as behg either ecpiüirative or concentrative (see Geiger et aL, 

1991). These transporters bc t ion  to regdate the inaux of endogenous and exogeaous 

nucleosides as weli as nucleoside dnigs across plasma membranes into cells (Cass, 1995). 

Additionaliy, bidirectional nucleoside transporters that are gquiliirative and sensitive to 

inhibition by nitrobeaylthioinosine, so called es transportas, appear to play an important 

role in the efflux of nucIeoside dmgs and intraceMar nucieosides, the most important of 

which may be the physiologically active nucleoside adenosine. Thus, nucleoside 

transporters are important in regdating the extraceIidar levels and actions of adenosine; 

these actions are mediatecl, in the main, by celi surface receptors, and inhibitors of 

nucleoside transporters continue to be viewed as agents with therapeutic potential. 

It is diffïcuit to study the degree to which specific subtypes of nucleoside 

transporters mediate the eaux of endogenous D-adenosine formed intraceilularly in brain 

because relatively little is known about their types and functions, and because adenosine is 

so metaboiically liable. To gain additional information about mechaaisms of adenosine 

efflux, we showed that [3HJLadenosine, an enantiorner of the physiological D-adenosine, 

was transporteci into and released from hetemgeneous rat brain preparationq at least in 

part, through equüibrative nucleoside transporters (Gu et al.. 1995). We showed that 

[3~~-adenosine was more metabolidy stable than was [3m-adenosine, and that it was 

a permeant of brain nucleoside transporters with values for Michaelis-Menten constants 

that were similar to those for [3HJ~-adenosine (Gu et al, 199 1; Gu and Geiger, 1992). 



Furthexmore, [%&-adenosine was released ftom rat brain preparations in a tirne- and 

temperature-dependent xnannerY and thst 52% of the release was blocked by 

nitrobenzylthioinosine, thus implicating nucleoside transporters in the release of 1%- 

adenosine (Gu et 4%. 1995). 

Determining the type of transporter and the mechanism(s) by which [%IL- 

adenosine was being released was made difiicult in brain by the heterogeneous nature of 

the tissue preparatioxq and the presence of multiple subtypes of nucleoside transporters 

including es transporters and a large proportion of transporters descriied as being 

equilibrative and resistant @asensiaVe) to inhibition by nitrobenylthioinosine, so caiied ei 

transporters (Lee and $amisy 198th; Vijayalakshmi and Belt, 1988). Furthemore, it is 

unknown the degree to which our previous data was affected by the homogenised nature 

of the previously used rat brain preparations. To circumvent these potential problems, we 

used here a clonai ceil line DDT1 MF-2 smooth muscle celis that appear to contain, almost 

exclusively, es tramporters @arkinsoa et ai.. 1996) in order to test the hypothesis that 

[3Hl~-adenosine is transported into and released fiom ceiis by es nucleoside transporters. 

In agreement with our previous work with rat brain preparatiom, we found that [%JI)- 

adenosiae and T~L-adenoshe were transported into and [3Hj~-adenosine was released 

Rom DDTi MF-2 ceilq at least in part, by bidirectional es nucleoside transporters. 



IMATERIALS AND METHODS 

Materiais: [%IL-m de no sine (13 C i d )  was purchased fiom Moravek Biochemicals 

(Brea, CA), %&O (1.OmCVg) was fkom Amerskm Canada Ltd. (Oakville, Ontario), ct4c]- 

or ~ ~ ] ~ o i ~ e t h y l e n e  glycol (10 mCVg and 2.0 d i / &  respectively) and [%ID-adenosine 

(61.5 Cilmmol) were fkom DuPont Canada (Mississuaga, Ontario). 

Nieobenzylthioinosine, dipyridamole, and D-adenosine were fonn Sigma Chemicai Co. 

(St. Louis, MO). Dulbecco's modifieci Eagle M e h  (DMEM), RPMI and f d  bovine 

serum (FBS) were obtained from Gibco BRL. Gewrous gats of L-adenosine and dilazep 

were supplied by Dr. K. Flora of the Drug Synthesis and Chemistry Branch, Division of 

Cancer Treatment, National Cancer Institute and F. Hofnnann La Roche, Basel, 

Switzerland, respectively. Syrian hamster smooth muscle DDT1 MF92 ceUs were obtained 

fiom the American Type Tissue Culture Coflectioe Statisticai anaiyses were carrieci out 

by one way ANOVA with Bonferroni correction, Student's i tests, and nonlinear 

regressions using Instat and GraphPad PRISM (Biosoft). AU data were expressed as 

mean values and S.E.M. Statistical sigrScance was considered to be at the pC0.05 Ievel. 

Ceii Culture: DDTi MF-2 smooth muscle ceiis marris et al., 19741, were grown in 

suspension, at 37OC in 5% co2-95% humidifieci air, and maintained as exponentidy 

poliferahg cultures at celi densities of 3 x 104 to 3 x 10' ceiidmi in DMEM 

supplemented with 5% fetal bovine se- 4.5 g!l glucose and 2 m .  L-glutamate 

[Gerwins et al., 1990 1. Ceiis were harvested by centriftgation (1 20 g for 10 min), washed 



twice (120 g for 5 min) and resuspendeâ in ~ a '  buffer ( in mM: Tris, 20; K2Hp04 3; 

NaCi, 136; Mg$&? 0.5; CaClt 0.9; glucose, 20; to pH 7.4 with HCl) to 1 x 1 o6 celldmi. 

Ceii viabiîity was determined by trypan blue exclusion staining- 

fEIl~denosine Accomulrtion h v s :  [m~denosine accumulation was determined by 

an oil-stop centrifùgation method Parkinson et PL, 19931. BrieBy, a reaction mature 

containhg 100 pi of [w- or [a -adetmine  (5 $i/d d e s s  otherwise stated; 1 pM 

or 2 pM) in Na' bu& was layered over 100 pl oil(85 parts siiicon : 15 parts paraffin 03) 

in a microcentrifùge tube. Uptake was initiated by the addition of 100 pi 1 .O x 106 

ceIldm1 and terminated by addition of ice-cold dilazep (200 IiM) and centrifugation at 

13,000 g for 30 seconds. Supematants and oit were aspirated, tubes were washed once 

with 1 ml Na' buffier (4OC), pellets were digested in Triton X-100 (5%) ovemight, and 

radioactivity was measured by scintillation spectroscopy. Assays were conducted at 25°C 

udess otherwise indicated. To determine the degree to which adenosine accumulation 

was inhibited by nitrobeaylthioino~ine~ celis were pre-treated with nitrobeqlthioinosine 

at concentrations ranghg from 0.1 nM-20 IiU, or bufEer, for 15 min and incubateci for 15 

sec with either 2   LM [%JI)- or [3Hl~-adenosine. To detemine enantiomenc inhibition of 

uptake, [3a~-adenosine (1 15 sec) accumulation was measured in the absence or 

presence of L-adenosine (100 pM or 1 mM) and [3HJ~-adenosiue (1 CiM; 15 sec) 

accumulation was measured in the absence or presence of D-adenosine (100 pM or 1 

mM) - 



~%lb~denosine Rekue Assavs: ['EIpr~denosine (10 pCdmi; 10 IiM) was incubated 

with cells (1 x 106 ceUslrnl) at 25OC for one hour wiless otherwise stwed. Aüquots of 100 

pl were added to microcenttifiige tubes, centrifiiged at 13,000 g for 20 sec, supernatants 

were aspirated, and ceil pellets were washed once with 1 ml Na' butFer (4OC) and kept on 

ice untü taken for assay. [%IL-  de no sine release was initiateci by resuspension of ceil 

peiiets in 500 pL Na' b s e r  (4O or 25 OC) and tenninated fier 0-300 sec by centrifiigation 

at 13,000 x g for 20 sec. Ceii viability was 28W. To daermine the degree to which 

nucleoside transport iahibitors blocked [ ~ a d e n o s i n e  release, ceiis pre-loaded with 10 

 LM ['Hp.-adenosine for one hour were exposed for 15 min to dipyridamole or dilatep 

each at 30 pM, nitrobeziyhhioinosioe at concentrations ranging nom 0.3 nM-30 IiM, or 

b&r prior to centrifbgation and resuspension in release b s e r  alone or release b a e r  

containhg inhiiitor. 

Accumulation: [ 3 ~ ~ - ~ d e n o s i n e ,  and to a lesser degree r3HJ1-adenosine, was 

accumulated in a time- and temperature-dependent manner in DDTi MF-2 cells. 

Accumulations of [3HJD-adenosine were significantly (pc0.01) greater than were those of 

[3Hl~-adenosine at incubations of 15 sec or longer; [~H]D-adenosine accumulations 

@mol/10~ celis) were, for example, 3.6 * 1.8 at 15 sec and 8.6 2.4 at 60 sec; [3q~- 

adenosine accumulations were, for example, 1.1 * 0.2 at 15 sa: and 3.2 * 0.2 at 60 sec 

(Fig. 10). Foliowing preincubation with 10 pM NBI, 60 sec accumulations 
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Figure: 10. Accumulation of [3~~-adenosine (circles) and [%IL-adenosine (squares) by 

DDTi MF-2 ceus preincubated for 15 min in the absence (open symbols) or presence 

(closed symbols) of nitrobenzylthioinosine (10 M. Incubations with 2 pM L~HJD- 

adenosine or 2 pM [3w~-adenosine were for O to 60 sec at 25°C. Symbols represent 

mean f S.E.M. values fiom three experiments conducted in triphte. 



were si@cantly Q%ORl) inhiited by 86% for [m-adenosine and by 63% for [m- 
adenosine- Residuai, NBI-raistant, accumulation of 12 * 0 2  pmol/105 ceUs was exactiy 

the same for [%ID- and [)H]L-adenosine (Fig. 10). 

Sipifkant @<0.01) dose-dependent inhibition of [m-adenosine accumulation 

was observed with NB1 @ig8 11). The ICm value for the NBI-sensitive portion of [m- 
adenosine accumulation was 1.6 * 0. l n M  (Fig. 11); in cornparison, the ICso value for the 

NBI-sensitive portion of @fJD-adenosine accumulation was 2.0 0.1 n M  (data not 

shown). [3HlD-~denosine accumulation of 7.4 0.8 pmo~l0' ceils was inhiiited by 29 * 
2% by 100 pM L-adenosine and was sigdicantiy (p<O.OS) inhibited 72 5% by 1000 pM 

L-adeaosine Fig. 12). [3HJL+-~denosine accumulation of 1.2 * 0.2 pmol/105 cells was 

inhibited 3 1 1% by 100 D-adenosine and was si@cantly (pK0 .0  1) inhi'bited 52 * 
1% by 1 O00 e<M D-adenosine Pig. 12). 

Release: To initiate release, pelleted ceiis were resuspended in b s e r  either at 25°C (Fig- 

13A) or 4OC (Fig. 13B). [%IL-  de no sine in the supernatant increased and that remaining 

in pellets decreased with tirne at 2S°C (Fig. 13A). The release during the nrst 5 sec at 4OC 

and at 2S°C was rapid and amounted to 5455% of the totai amount of [%IL-adenosine 

Ioaded. During the 5 sec - 5 min time interval, release at 25OC was greater than at 4°C; of 

the totai amount of [3~~-adenosine loaded, the amount recovered in the supematants 

fouowing 5 min was 88 % and 58 % at 2S°C and 4 OC, respectively. 



C NB1 (log M) 

i r e :  1 Accumulation of [3~adenos ine  by DDTl MF-2 ceiis preincubated for 15 

min with nitrobenzyltbioinosine (MI) at concentrations ranging fiom 0.1 n M  to 20 W. 

Incubations with 2 pM [3~lL-adenosine were for 15 sec at 2S°C. Symbols represent 

mean t SEM. values fiom three experiments conducted in triplkate. (C= control). 



CTRL 

CTRL 

Figure: 12. Accumulation of A. [3HJD-adenosine in the absence or presence of 100 ph4 

or 1000 pM L-adenosine (L-ADO), and B. [3q~-adenosine in the absence or presence of 

100 pM or 1000 p.M D-adenosine @-ADO). Incubations were with 1 pM [3Hj~- 

adenosine for 15 sec at 25°C. Symbols represent mean t SEM. values nom three 

experiments conducted in tripliate. *p<O.OS and **p<O.01 compared with controls 

(CTW- 



Figure: 13. T ie -  and temperature-dependent release of [3HJ~-adenosine. Celis were 
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0.15- 

0.10- 
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incubated with 10 p M  [Q~adenosine for 60 min and release was initiated following 

4 

1 1 

centrifugation and resuspension in buffér. THJL~denosine was measureti in cell pellets 
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(open symbols) and supematants (closed symbols) for incubations at A. 2S°C or B. 4 OC. 

Symbols represent mean f SEM. values fiom three experiments conducted in triplkate. 



[ m ~ d e n o s i n e  release during 5 min was 43% grrater at 2S°C than at 4°C. [m- 
Adenosine release during 5 min was sigaincantiy @<O.OS) r e d u d  by 45% with 30 p M  

NB1 and 47% with 30 pM DPR compered to DMSO vehicle, and 39% with dilazep 

compared to buffer vehicle (Fig. 14). In a separate series of experiments, NB1 inhibited 

42% of total [%IL-adenosine release with an apparent ICso vdue of less than 1 n M  (Fig- 

15). 

DISCUSSION 

L-Adenosine, the stereo-enantiomer of the physiological Dadenosine, appears to 

be a usefiil probe for the study of nucleoside transport-mediated processes. In rat brain, it 

was more metabolically stable than D-adenosine, it did not inhibit adenosine kinase activity 

and ody weakly inhibited adenosine deaminase activity, and it was not a substrate for 

either adenosine kinase or adenosine deaminase (Gu et al., 1991). Further, L~WL- 

adenosine was transporteci into rat brain synaptosomes with rates (Gu et al., 199 1) and & 

values (Gu and Geiger, 1992) that were similar to those observed for [3HJD-adenosine. 

That ~~HJ~adenos ine  transport was mediated, at least in part, by nucleoside transporters 

was confhed by showing that nitrobenzylthioinosine and unlabeled D-adenosine blocked 

uptake by approximately 50% (Gu et al., 1991; Gu and Geiger, 1992). More recentiy, we 

found that [ 3 ~ ~ - a d e w s i n e  was accumulateci by and released fiom cmde synaptosomai 

preparations of rat brah, and that the release of [ 3 ~ ~  -adenosine was inhibited by three 

stmcturally dissimiiar nucleoside transport iahi'bitors; inhibition was 40% by dipyridamole, 



Buffer DMSO NBI DPR DZP 

Figure: 14. Inhibition of [3KJL-adenosine rclease by nucleoside transport inhibitors. 

Ceils were incubated with 10 pl [m~~adenosine for 60 min and release was measured 

over a 5 min period at 2S°C in the presence of b s e r  (vehicle for dilazep [DZP]), 0.3% 

DMSO (vehicle for nitrobeazyIthioinosine [NB4 and dipyridamole [DPR]), 30 pM NBI, 

DPR or DZP. Bars represent mean f SEM values fiom three experiments conducted in 

tripkate. * p<0.05 compared to respective controls. 



C NB1 (log M) 

Figure: 15. Dose-dependent inhibition of [%IL-adenosine release by nitro- 

benzylthioinosine (NBI). Ceils were incubated with 10 @I [3~~-adenosine for 60 min 

and release w u  measured over 5 min period at 25OC in the absence (C=control) or 

presence of NB1 at concentrations ranghg fkom 300 pM to 30 ph& Syrnbols represent 

mean i S.E.M. values from three experiments conducted in triplicate. 



4% by dilatep, and 52% by nitrobenzylthioinosine (Gu et aL, 1995). Thus, the release of 

[m-adenosine fiom rat brain preparations was mediated, at least in pan, by what appear 

to be bidirectiod equiliirative nucleoside transporters. However, the above studies were 

conducted with h~erogeneous preparations of rat brain derived ftom homogenised tissue 

that containeci multiple subtypes of nucleoside transporters. Therefore, DDT1 MF-2 celis 

representing a homogeneous population of c l o d  cells that contain almost exclusively es 

type transporters (Parkinson et al., 1996) were used to determine the degree to which 

[3HJL-adenosine accumulation and release were mediated by s p a c  bidirectional 

nucleoside transporters. 

In rat brain preparations, we found that the rates of and [3Hj~-adenosine 

accumulation were roughly equal (Gu et al, 199 1). In contrast, accumulation of L~HJD- 

adenosine was approximately three-times higher than [3q~-adenosine in DDTl MF-2 

ceiis, although at least part of this merence appeared due to metaboh of D-adenosine 

to impemeant nucleotides (Parkinson and Geiger, 1996). Thus, the streoselectivity of 

adenosine transport in DDT, MF-2 was less than the stereoselectivity observed in mouse 

elythrocytes and L-12IOfAM ceUs where the rates of ~HJD-adenosine were 17- to 22- 

times higher than were the rates for [3HJL-adenosine (Gati et al., 1989). As with rat brah 

preparations, L-adenosine was a penneant of nucieoside transporters in cultured adrenai 

chmmafnn celis (Casillas et al., 1993). In contrast, L-adenosine was a very poor 

permeant in mouse erythrocytes, LI2 1OfAM cells, cultured aryworm ovary (SB) celis, 

human erythrocytes, Hela celis, Butfido Green Monkey cells and parasitic protozoa 

@a@o et aL, 1991; Hogue and Cas, 1994; Gati et al., 1989; Upston and Gero, 1995). 



Stereoselectivity is also an important and emerping area for the pharmacology of 

nucleoside transport Uihibtors. Pronomceci stereoselectivity was observed between R 

7532 1 and its stereo-enantiomers R 880 16 and drafiazine (Van Belle et uL, 1993; Beukers 

et al., 1994). However, [3HJD-adenosine uptake by DDTl MF-2 ceils was equi-effdvely 

inhibited by propentofylline, a aacemic medure of its hydroxy-metabolite (k) A720287 and 

its stereoisomers (+) 833791 and (-) 844261 (Parkinson et al., 1996). Thus, it appears 

clear that stereoselectivity may be another property of nucleoside transporters that varies 

between species, tissues, cells and dmgs (see Geiger and Fyda, 199 1). 

Foliowing preincubations with 10 p M  nitrobenzylthioinosine, accumulation of 

[ 3 ~ ~ -  and [%I&adenosine were inhibited by 86% and 63%, respectively to levels 

indistinguishable between r3HID- and [m-adenosine. This is siaiilar to rat brain 

preparations, in which nitrobenzylthioinosine inbiiited [3HJL-adenoshe accumulation by 

52% to 65% (Gu et al., 1991). The ICS0 value for the nitrobenzylthioinosine-semitive 

portion of [3~~-adenosine accumulation in DDTi MF-2 celis was 1.6 nM and this value 

was similar to the ICs value of 2.0 n M  for the nitrobenzyltbiohosine-sensitive portion of 

[3Hj~-adenosine accumulation found here and to values obtained for es transporters in a 

variety of tissues (Boumah et al.. 1994; Janiis and Young, 1986; Torres et al., 1990). 

That the accumulation of [3q~-adenosine was mediated by nucleoside transporters was 

supported m e r  by findings that [3@-adenosine accumulation was inhibited by up to 

72% with L-adenosine and [3~~-adenosine accumulation was Uihibited by up to 52% 

with D-adenmine. The nitrobenzytthioinosine-resistmt accumulation of [3~~-adenosine 



may be mediated by passive &sion or by nucIeoside transporters that are raistant to 

inhibition by nitrobenzyIthioinosinee However, ou.  previous hdings indicated tbat DTTi 

MF-2 d s  express almost exclusiveiy es wcleoside transporters @?arkiason et al.. 1996). 

To initiate release fiom DDTi M F 2  ceils pre-loaded with [3EI&-adeao~e, 

peiieted cells were simply resuspended in fiesh bunér and this suggests that [m- 
adenosine was released down its concentration m e n t .  Similar findiogs were made with 

rat brain synaptosomal preparations (Gu et QL. 1995). ['HP.-~deaosine release appeared 

to be mediated by nucleoside tramporters in that the release was khibited by resuspending 

cells in ice-cold buffa or by resuspeading c d s  in b s e r  containing nitrobenzyIthioinosine, 

dipyridamole, or düazep. The apparat IC50 value for the dose-related inhiition of release 

by nitrobenzylîhioinosine was less than 1 nM. 

In summary, nitrobenzyIthioinosine inhibiteci a simüar proportion of uptake and 

release of ['H]L-adenosiue in DTTl MF92 ceils. Furthemore, nitrobenzylthioinosine had 

similar potencies for inhibiting [Q~~adenosine uptake and reiease. This indicates that 

nucleoside transport inhibitors may inhibit the receptor-mediated effects of adenosine 

produced intraceiiularly but potentiate the effects of adenosine extracelldarly. 



Tissue levds of endogenous adenosine, controiied by processes reiated to its 

production, release, transport and rnetabolism, play a pivotal role in the regdation of a 

multitude of physiologid fùnctiom via the bindiag ofadenosîne to extracefluiar adenosine 

cell-surface receptors and activation of signai transduction systems. Untü recently it was 

thought that endogenous denosine at physiological leveis entered ceiis by carrier- 

mediated nudeoside transport systems, whiie adenosine at supra-physiologicai levels 

entered celis by passive difEUsion More recently, nucleoside transporters have been 

identified that transport a variety of nucleosides bidirectionally (Plagemann and 

Wohlueter, 1980). The transporters have been subclassified according to whether 

nucleosides are m p o r t e d  by equiliirative or sodiumdependent concentrative processes, 

whether the transporters are sensitive or resistant to nucleoside transport inhibitors, and 

transporter selectivity for purine or pyrimidine permeants. 

Characterization of nucleoside transporters ushg physiological Dadenosine is 

of€en diflcicuit because of its metabolic instability. Our lab focused on the development of 

an new probe, L-adenosine, for the characterization of bidirectional nucleoside 

transporters involved in the tram-membrane movement of adenosine following 

demonstrations by us that [3HJ~-adenosine was a metabolically stable enantiomer of 

adenoshe that was taken up by rat brain synaptosomes (Gu et al., 1991; Gu and Geiger, 

1992). In the present studies we characterized the uptake and re1ease of L-adenosine in 

rat brain synaptosomes and in DDT1 MF-2 cels to detemine the bi-directionai nature of 

adenosine transporters in these tissue preparatons. ûur goals were to determine (1) if 



[%IL-adenosine could be released fiom synaptosomal preparations, (2) the optimal 

conditions necessary to o b m e  the release, (3) the degree to wbich this release was 

mediated by a u x  through bidirectionai nucleoside transporters, and (4) whaher cells 

grown in culture that appear to express ody es transportas also exhiiit bidirectional 

transport of [?Hll-adenosinee 

Our results showed that L-adenosine was transporteci into and released from 

heterogeneous rat brain preparations, at least in part, through equilibrative nucleoside 

transporters. Due to the heterogeneous cellular ongin of the rat brain preparation and the 

presence of both es and ei nucleoside transporters (Lee and Jarvis; 1988a), t was 

important for us to determine whether clonal DDT1 MF-2 smooth muscle ceiis which 

possess almost exclusively es transporters (Parkinson et ai., 1996) also transport L- 

adenosine. Importantly, L-adenosine uptake and release, in DDT1 MF-2 smooth muscle 

cells as with rat brain synaptosomes, was mediated, at least in part, by es transporters. 

Pharmacological agents capable of selectively blocking uptake but not the release 

of adenosine may enhance extraceiiular levels and actions of endogenous adenosine. L- 

Adenosine ailowed us to characterize adenosine transport in the absence of nudeoside 

metabolism as weii as to characterize the release of adenosine. Such test systems should 

be usefiil in characterizhg adenosine transporters that mediate, and pharmacological 

agents that affkct, bidirectional transport of adenosine. Ultimately, we wish to identûy 

transport inhibitors a d o r  release enhancers tbat mimic therapeutidy desirable actions of 

endogenous adenosine, especidy when and where adenosine is beiag produced/released. 
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