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Abstract 

Adenosine is an important neuromodulator in brain and, through activation of 

membrane bound receptors, it has been reported to have neuroprotective properties 

during strokes or seizures, The levels of adenosine have been reported to increase up to 

100-fold during cerebral ischemia; however, the pathways involved in regulating intra- 

and extracellular concentrations of adenosine are poorIy characterized. This thesis work 

has investigated how nucleoside transporters, purinergic enzymes and the blood-brain 

barrier (BBB) are involved in the regdation of extracellular adenosine levels- The first 

study demonstrated that lumenal administration of the nucleoside transport inhibitor 

dipyridamole inhibited the rnovement of [14~]adenosine fkom the interstitial space into 

the lumen of a dynamic in vitro mode1 of the BBB without permeating the BBB . This 

demonstrates that nucleoside transport inhibitors may be able to regulate CNS adenosine 

levels even without entering the brain parenchyma. The next study demonstrated that 

activation of the adenosine Al receptor during ATP depleting conditions in DDTl MF-2 

cells increased the cellular release of [%Jadenosine via a PKC-dependent pathway. These 

results dernonstrate the autoregulatory effects of adenosine receptor activation on 

adenosine production. In a third study, expression of the rENTl nucleoside transporter in 

rat C6 glioma cells facilitated the cellular penneability of the adenosine kinase inhibitor 

iodotubercidin. This demonstrates that the site selective effects of adenosine kinase 

inhibitors may be determined by nucleoside transporter distribution in vivo. The rat C6 

glioma cells were also used to demonstrate release of [3~hypoxanthine but not 

[3~]adenosine during ATP depleting conditions. This result indicates that astrocytes may 

be more important as a site of salvage, rather than a source, of adenosine during 



conditions such as hypoxidischernia . To investigate this m e r ,  primary rat cortical 

astrocytes and neurons were subjected to hypoxia, iodoacetate or sodium cyanide to 

deplete the cells of ATP. The results indicate that adenosine is produced by an 

intracellular pathway in neurons and by an extracellular pathway in astrocytes. The 

overall conclusion of this thesis work is that the regulation of extracellular adenosine 

Ievels is complex and varies among ce1 types. 
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Chapter 1 : Introduction to Purinergic Research 

1.0 History of Purinergic Research 

Adenosine is a purine nucleoside found in al1 cells. It is involved in numerous 

physiological processes ranging fiom adenine nucleotide precursor and building block of 

RNA to membrane-bound receptor-mediated cellular effects. Ln 1929, D ~ w y  and Szent- 

Gyorgi were the first to report that an endogenous substance, which could be extracted 

from nurnerous tissues, was capable of producing bradycardia (Drury and Szent-Gyorgi, 

1929). In the following years, Reis discovered that adenosine could be produced fiom 

hydrolysis of 5' AMP (Reis, 1934). These discovenes led to attempts at the use of 

adenosine therapeutically during the 1930s for cardiovascular conditions. The use O f 

adenosine was soon abandoned because of poor clinical efficacy (Jezer et al., 1933), 

possib ly due to the rapid termination of action upon administration (see fig 2). From 1936 

when Drury reported the effects of adenosine on blood flow (Dniry, 1936), until 1960, 

puriner~ic research was predominantly focused on cardiovascular effects of adenine 

nucleotides (Arch and Newsholrne, 1978). During the 1960s, adenosine was reponed to 

be involved in regulation of blood flow in the heart, brain, kidney, spleen, and skeletal 

muscle. At this point it became apparent that adenosine was biologically active and an 

important regulator of blood delivery to tissues, especially when energy demand was 

exceeding supply. Until the late 1960s, adenosine's mechanism of action was largely 

unknown. Receptor-mediated effects of adenosine leading to decreased cellular CAMP 

production that could be blocked by methylxanthines such as caffeine and theophylline 

was reported (Sattin and Rall, 1970). This discovery allowed researchers to use 

pharmacological techniques to investigate adenosine-mediated effects outside of the 



cardiovascular system. Dunng the ensuing 20 years, adenosine was reported to modulate 

immune responses, lipolysis, and gastroesophageal iünction. Effects of adenosine in the 

nervous system were first documented in 1970. The majority of adenosine's CNS 

properties have been regarded as 'inhibitory' such as anti-convulsant, anti-nociceptive 

and decreased excitatory neurotransmission. As adenosine in the CNS does not meet the 

classical definition of neurotransmitter, it has been known as a 'neuromodulator'; more 

cornrnonly, although not correctly, an inhibitory neuromodulator- Adenosine has also 

been regarded as a "retaliatory metabolite", due to its inverse relationship to ATP levels 

and its primady inhibitory receptor-mediated effects (Newby, 1984). The receptor- 

mediated effects of adenosine (see section 2.2) in the CNS are being researched 

extensive1 y, with interest in developing treatments for various CNS disorders. This 

research must be combined with a better understanding of the endogenous regulation of 

adenosine (see section 3), in order for potential therapeutic goals to be met. 

2.0 Purine Receptors 

Burnstock originally classified purine receptors as Pi or P7 purinergic receptors in 

1 977 (Burnstock, 1 977). These classifications were based on studies, which demonstrated 

PI  receptors were sensitive to inhibition by rnethylxanthines, activated by adenosine and 

modulated adenylate cyclase activity while Pt receptors were insensitive to 

methylxanthine antagonism, activated by adenine nucleotides and induced prostanoid 

synthesis. 



1 Figure 1: Schematic diagram of G-protein coupled receptors 

Schematic structure of seven transmembrane spanning G-protein coupled adenosine 
and Pzu p"nergic receptors. Although the basic structure is similar, there are 
significant differences in the intra- and extra-cellular loops and the transmembrane 
domains between the different receptors. EC-extracellular, IC-intracellular, E- 
extracellular loops, C-intracellular loops, 0- conventional regulatory sites. 

2.1 Pz Purine Receptors 

Extracellular adenine nucleotides have been reported to activate ce11 surface receptors 

in the CNS and many peripheral tissues. These receptors have been broadly classified 

into two catesories based upon signaling properties of the receptor: Ptx  and P2y . The PIS 

receptor subtypes are transmitter-gated channels. Seven different Pzx receptors have been 

characterized and cloned from human and rat tissues. Functional Pzx receptors are homo- 

or hetero-multimers of individual Pzx subunits. Upon activation, these receptors allow 

transrnembrane fluxes of ~ a + ,  K' or ca2+ depending the receptor subtype. The Pzv 

receptor subtypes are G-protein coupled 7-transmembrane domain receptors, much like 



the Pl  receptors. Six Pzu subtypes have been characterized and cloned, with 5 of these 

recep tors coupling to G,ii 1 G-proteins and the other to Gif0 G-proteins. The receptors were 

originally classified based on the rank order of potency of ADP, ATP, UDP and UTP to 

increase levels of intracellular ca2'. Although these receptors are of importance to 

purinerzic systems, this thesis will deal only with extracellular ATP and other adenine 

nucleotides as potential sources of extracellular adenosine. 

2.2 Pl Purine Receptors 

Soon after the original classification of Pl receptors, two independent laboratories 

proposed subtypes of these receptors. These reports indicated adenosine analogues either 

stimulated or inhibited CAMP formation while adenosine was capable ofproducing either 

response. This led to the initial classification of adenosine AL and Az punnergic receptors 

by van Calker and CO-workers (van Calker et al., 1979). These were also charactenzed as 

RA and RI adenosine receptors by Londos and CO-workers (Londos et al., 1980). The 

adenosine A2 receptor was subsequently divided into AZA and AZB receptors based on the 

potency of adenosine and 2-substituted adenosine analogues to stimulate CAMP 

production (Braun and Levitzki, 1979; Daly et al., 1982). The most recent PI  purinergic 

receptor to be identified was the A3 adenmine receptor, which was discovered by cloning 

and expression screening (Zhou et al., 1992). An & adenosine receptor has been 

proposed based on agonist binding profiles (Comfield et al., 1992); however the 

existence of this receptor remains in doubt (Luthin and Linden, 1995). Al1 4 cloned 

adenosine receptor subtypes are members of the rhodopsin-like 7-transmembrane G- 

protein coupled receptor farnily (see fig 1). This thesis will describe the fùnction, 



distribution and pharmacological potential of these adenosine receptor subtypes with 

ernphasis on the CNS properties (see table 1). 

2.2. i Adenosine Al Receptors 

Adenosine Al receptors couple to pertussis-toxin sensitive G-proteins (Gii-3/Go), 

which in most cells inhibit AC activity thereby leading to decreased cellular CAMP 

(Fredholm, 1995). In addition to inhibition of AC, adenosine Al receptor activation has 

been reported to increase K+ and decrease ca2+ currents and activate PLC. The adenosine 

Ai receptor was initially cloned from canine tissues (Libert et al., 1989) and has been 

subsequently cloned firom many other mammalian species including rat (Mahan et al., 

1991 ; Reppert et al-, 1991) and human (Libert et al., 1992; Townsend-Nicholson and 

Shine, 1992). The recombinant adenosine At receptor contains 326 arnino acids ( U s ) ,  

which produce a 36.7 kDa protein. The adenosine Ai receptor appears to be highly 

conserved as there is >90 % AA sequence homology between species. There are 

nurnerous c'çelective" adenosine Al receptor agonists that have been used, including 

CPA, CHA, R-PIA and S-PM, that have nanomolar affinity for the adenosine AI 

receptor. Adenosine, per se, and NECA show shilar  potencies as agonists for the 

adenosine Ai and AZA receptors. Methylxanthines such as caffeine and theophy lline were 

used as adenosine receptor antagonists in the initial Pl receptor studies, however, these 

compounds do not differentiate between adenosine receptor subtypes and are not potent. 

DPCPX is likely the most widely used Ai receptor antagonist and has a Ki of -1nM. 

During the past five years, there have been a number of reports of other potent and 

selective adenosine Ai receptor agonists and antagonists. However, the majonty of 



research that has been published to date has used the compounds described above to 

investigate the adenosine Al receptor. The molecular biology and pharmacological 

advances in the Ai receptor field have enabled researchers to gain further insight into the 

distribution and function of these receptors in the CNS. The distribution of Al receptors 

in hurnan and rat brains has been widely investigated. Although species differences exist 

and differing results have been reported using autoradiography and 

immunohistochemistry, a general pattern of CNS Al receptor distribution is apparent. 

The highest levels of receptors are seen in the hippocampus (CA1 and CA2/3 regions), 

cortex (layers III and IV) and thalamus. Species differences have been reported in the 

stnatum (high in human, Iow in rat) and cerebellum (low in human, high in rat). 

3 -2 -2 Adenosine Receptors 

Adenosine AZA receptors couple primarily to Gs G-proteins. Activation of the AZA 

receptor by adenosine or other analogues will produce an increase in intracellular CAMP. 

The hA receptor has also been reported to produce changes in MAP kinase (Hirano et 

al., 1996; Sexl et al., 1997) and protein phosphatase (Revan et al., 1996; Svemingsson et 

al., 2000) activity via a CAMP-independent mechanism. Similar to the At receptor, the 

AZA receptor was initially cloned fiom canine tissues (Maenhaut et al., 1990), then 

subsequently fiom other species including rat (Chem et al., 1992) and human (Furlong et 

al., 1992; Peterfi-eund et al., 1996). The chromosomal location of the A a  receptor gene in 

humans has been localized to 22q11.2 (Le et al., 1996; Libert et al., 1991). The cloned 

AzA receptor has 410-412 AAs and has a MW of -45 kDa, the largest of the cloned 
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Table 1: Profile of Adenosine ~ e e e ~ t c & b & ~ e s  

1 Adenosine Ai 1 Adenosine Al* 1 Adenosine 1 Adenosine A3 1 
Tissue 

I 1 

) Brain, spinal 1 Brain> fat, 1 large intestine 1 Species 
1 ~istribution' 1 cord >fat ztestis 1 thymus, heart, 1 =bladder = 1 dependent; @ 1 
1 1 Buterus zheart 1 lung > spleen, 1 caecum >>lung 1 testis > lung, [ 
1 1 Bkidney 1 testis, esophagus 1 > brain 1 heart, kidney > 1 
1 1 »skeletal 1 also found in 1 1 brain; human 1 
I 1 muscle, liver, 1 biood vesseis 1 1 iung, iiver > / 
I / intestine, 1 I 1 aorta, brain> 1 

1 cloued 1 human, guinea 1 human, guinea ( mouse 1 sheep 1 
Species 

pig, bovine, pig, rnouse 1 
rabbit, mouse 1 

Amino acids 326-328 409-4 12 332 3 17-320 

Activated by 3-30 nM 1-20 nM 5-20pM 
1 adenosine at 

Selective 
Agonists' r- 

stomach 
canine, rat, 

Selective 
An tagonists 

1 systern 

canine, rat, 

CCPA > CPA > 
CHA = R-PIA 

rat, hurnan, 

Table is based upon the IUPHAR Compendium of Receptor Characterization and 
Classification Fredholm, 1998 #1300]. 
' ~ a s e d  upon Northem Blot, in situ hybndization and RT-PCR 
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there are numerous selective and potent agonists and antagonists available (see table 1). 

The most widely used of  the AZA receptor agonists is CGS 21680, which has a kd of -1 

nM. In addition to its use as an agonist, CGS 21680 has been widely used as a 

radiolabeled marker for the receptor in binding studies. As stated in section 2.1.1, 

adenosine and NECA have similar potencies as agonists for the receptor cornpared to 

the Ai receptor. More recently demonstrated selective and potent AzA receptor agonists 

include HE-NECA (Klotz et al., 1998) and ATL146e (Linden, 2001). There are a wide 

range of receptor antagonists that have become available in the last decade, including 

KF 17837 (Shimada et al., 1992), CSC (Jacobson et al., 1993), SCH 58261 (Baraldi et al., 

1996), ZM 241385 (Poucher et al., 1995) and KW 6002 (Kanda et al., 1998a). The 

development of the selective and potent phannacological tools along with the rnolecular 

knowledge about the Am receptor has enabled insight into the distribution and fùnction 

of this receptor in the CNS. Outside of the brain, AZA receptors are expressed 

heterogeneously throughout the body with the highest levels in the vasculature, heart, 

lungs and thymus (Stehle et al., 1992a). In the CNS, the AZA receptor distribution is 

heterogeneous. The AZA receptor was initially described in tissue sarnples fiom the 

striatum (Huang et al., 1972). Thus, it is not surprising that striatal regions such as the 

caudate putarnen, nucleus accurnbens and olfactory tubercle dernonstrate the highest 

levels of [-'H]CGS 2 1680 binding. Lower levels of binding have been demonstrated in the 

cortex and hippocampus. The expression of AZA mRNA supports the previous reports of 

high levels of the AZA receptor in the striatum with lower levels in the hippocampus and 

cortex. The hinction of the A2* receptor correlates with its regional distribution, 

predominantly the strïatal and vasculahire localization. AZA receptor knockout rnice have 



been reported to suffer from anxious behavior, high blood pressure and decreased 

exploratory and pain responses (Ledent et al., 1997)- Although another AZA receptor 

knockout mouse does not possess these abnormalities (Chen et al., 2000; Chen et al*, 

1999), the previous report may document the role of the AZA receptor in the control of 

mood, which is supported by the physiological effects of caffeine. A recent area of 

intense research is the CO-localization of the adenosine A 2 ~  receptor and dopamine D2 

receptor in the striaturn (Johansson et al., 1997a; Johansson et al., 2997b), which may be 

important in the progression and treatment of Parkinson's Disease (PD). In nurnerous 

shidies of PD in primate models, AZA receptor antagonists have been reported to decrease 

PD syrnptoms and progression (Kanda et al., 1998a; Kanda et al., 1998b). The A2A 

receptors in the cerebrovasculature are important in the regulation of vesse1 diarneter and 

CNS blood flow (Meno et al., 1991). Activation of these A ~ A  receptors is believed to play 

a role in vascuIar headaches such as those induced by caffeine withdrawal (Daval et al., 

1996). The AZA receptors have also been implicated in the regulation of respiration, and 

rnay play a roIe in ischemic and convulsion-related neuronal damage (Ongini et al., 

1997). Thus, despite the limited distribution of the AZA receptor in the CNS, these 

receptors are important in nurnerous physiologicaI functions. 

2 .23  Adenosine A 2 ~  Receptors 

The Aze receptor was initially distinguished from the AzA receptor by diffenng 

sensitivities to adenosine analogues inducing intracellular CAMP accumulation (Huang et 

al., 1972). Similar to the AZA receptor, the AzB receptor conventionally couples to Gs G- 

proteins, which activate AC and increase intracellular CAMP levels. These receptors have 

also been reported to couple to PLC (Pilitsis and Kimelberg, 1998), ERK and MAP 



kinase pathways (Feoktistov et al., 1999) via CAMP-independent mechanisms. The A ~ B  

receptor was cloned fiom human and rat tissues in 1992 (Jacobson et al., 1995; Pierce et 

al., 1992; Rivkees and Reppert, 1992; Stehie et al., 1992b). The cDNA for the rat Ale 

receptor produces a protein of 332 AAs, which has a MW of 36.4 kDa (Palmer and Stiles, 

1995). The human AZB receptor hm been localized to chromosome 17p 12 (Jacobson et 

al., 1995). The cloning of  the AZB receptor was an important development in the 

purinergic field as the pharmacological tools for this receptor have lagged behind that of 

the other Pi receptors. To date no selective AzB receptor agonists or antagonists have 

been reported. AZB receptor-mediated responses have been dernonstrated 

pharmacologically using adenosine or the non-selective agonist NECA in the presence of 

selective Al and AZA antagonists. There has been little progress in the development of 

selective and potent AZB agonists (de Zwart et al., 1998). A recent report has 

demonstrated analogues of the non-selective antagonist CGS 15943 that have high 

potency as antagonists at the AzB receptor (Kim et al., 1998; Klotz, 2000), however these 

are also potent inhibitors of the A3 receptor- Without these pharmacological tools, the 

distribution and hnction of the AzB receptor has been based prirnarily on molecular 

studies. Outside of the CNS, AzB receptor mRNA is ubiquitous with high levels in the 

gastrointestinal tract and lower levels in the lungs. Within the brain, the AZB receptor 

distribution appears to be ubiquitous but in low levels (Dixon et al., 1996; Sebastiao and 

Ribeiro, 1996), possibly correlating to its localization on astrocytes (Pilitsis and 

Kimelberg, 1998). Due to its high Km for adenosine, it has been widely proposed that the 

AiB receptor function primarily during pathophysiological conditions when adenosine 



levels are elevated. To gain a better understanding of the fiinction of the A2B receptor, 

there must be development of potent and selective pharmacological tools. 

2.2.4 Adenosine A3 Receptors 

Unlike the other three subtypes of adenosine receptors, the A3 receptor was not 

anticipated, due to the lack of adenosine-mediated physiological and pharmacological 

data. The A3 receptor was initially identified Eorn a rat testis cDNA by RT-PCR using 

degenerate oligonucleotide primers designed £iom conserved regions of G-protein 

coupled receptors (Meyerhof et al., 1991). The PCR products had the highest homoIogy 

with adenosine Ai and AzA receptors (>40% arnino acid identity). Ln 1992, Zhou and co- 

researchers identified an A3 receptor fiom a rat striatal cDNA library (Zhou et al., 1992). 

This designation was based on specific binding of [ ' Z S ~ ] ~ ~ ~ ~  in CHO-transfected cells 

and inhibition of forskolin-induced CAMP formation. The A3 receptor was subsequently 

cloned from human tissues (Atkinson et al., 1997; Salvatore et al., 1993). The cDNA for 

the cloned A3 receptor produces a protein of 320 AAs that has a MW of 36.6 kDa 

(Palmer and Stiles, 1995), which is similar in size to the AL and Am receptors. The 

human .43 receptor has been localized to chromosome l p  13.3 (Atkinson et al., 1997). 

Similar to the Ai receptor, the Al receptor couples to G JGo G-proteins. Activated A) 

receptors have been reported to decrease AC activity as well as activate PLC (Abbracchio 

et al., 1995). During the past five years, there has been a tremendous advance in the 

pharmacological tools available for the A3 receptor. Adenosine per se has been reported 

to have a wide range of Km values for the A3 receptor between 30 nM (Li et al., 1999) 

and >1 PM. The higher values may reflect physiological inactivation of adenosine (Li et 



al., 1999). Many of the initial 'selective' A3 agonists such as IB-MECA have low 

selectivity behveen the Ai and A3 receptors (Klotz, 2000). Newer compounds such as 

AB-MECA (Li et al., 1999) and Cl-IB-MECA (Klotz, 2000) have been reported to have 

greater selectivity for the Aj receptor in both rat and human systems. There have also 

been a number of selective A3 receptor antagonists reported including MRS 1 191 and 

LMRS 1460 (Jacobson, 1998). An interesting species difference has been reported for the 

sensitivity of the A3 receptor to methyixanthine antagonists. While most A3 receptors 

including rat, mouse and rabbit are insensitive to methylxanthines, human A3 receptors 

are more sensitive to methylxanthine antagonism (Klotz et al., 1998; Linden, 1994). The 

rnolecular and pharmacological developments have enabled a better understanding of the 

distribution and function of the A3 receptor, however this knowledge is still limited. 

Outside of the CNS in rat, the A3 receptor is abundant in the testis, lung, kidney and heart 

while in humans the highest levels o f  expression are in the liver and lung (Salvatore et al., 

1993; von Lubitz, 1997). In the CNS, the A3 receptor has relatively low expression, -10- 

30 fold lower than Al receptors in the cortex or the AZA receptors in the skiatum (von 

Lubitz, 1997). In fact, the existence of the A3 receptor in brain has been questioned 

because the radioligands that have been used to demonstrate A3 receptors are not 

seIective Wvkees et al., 2000). Although A3 receptor mRNA has been demonstrated in 

sheep and rat brains (Linden, 1994; von Lubitz, 1997), no studies have reported regional 

differences in mRNA levels. Binding assays have indicated expression of A3 receptors in 

the cortex, cerebellum and striatum of rat brains (von Lubitz, 1997), however the validity 

of these results may be in doubt (Rivkees et al., 2000). As with the A ~ B  receptor, there is 

limited knowledge of the fùnction of the A3 especially in the CNS. Outside of the brain, 



this receptor is most widely recognized as a regulator of immune fünction (Linden, 

1994), as seen with an A3 rcceptor knockout mouse (Salvatore et al., 2000). In the CNS, 

AJ receptor-mediated effects have been predominantly documented in astrocytes and 

microglia cells (Abbracchio et al., 1997; von Lubitz, 1997). These effects may be 

important during ischemia or seimes, as A3 receptors are less sensitive to physiological 

levels of endogenous adenosine. 

2.2.5 Limitations of Adenosine Agonists/Antagonists Therapeutically 

Although in vitro and in vivo models may indicate possible therapeutic value of 

adenosine agonists and antagonists, the CNS potential of these compounds is limited by 

two major impediments; BBB permeabil* and penpheral adenosine receptor-mediated 

effects. The former is a limitation of most compounds that are directed against CNS 

disorders. Many of the in vivo studies demonstrating protective properties against 

ischemic or convuIsant animal models administer the adenosine receptor agonists using 

i.c.v. injections, a route with little therapeutic value. The second and more important 

limitation is the penpheral side effects. Adenosine Ai receptor agonists have been 

reported to produce decreased heart rate, bIood pressure and body temperature while Az,\ 

receptor agonists produce decreased blood pressure (Guieu et al., 1996; Von Lubitz, 

1999). The side effects profile of adenosine receptor antagonists appears to be less 

problematic, as evidenced by the success of KW-6002 in numerous long term 

Parkinsonian models (Kanda et al., 1998a; Kanda et al., 1998b). However, the majority of 

potential clinical uses are based on adenosine receptor activation. A so-called 'centrally 

active' adenosine Ai receptor agonist, ADAC, has been reported to be neuroprotective 



against ischemic damage without having deleterious penpheral side effects (Von Lubitz 

et al., f 996). Although this indicates some potential for clinical usefulness, the more 

recent trend in adenosinergic-based research is in the development of regulators of 

endogenous adenosine levels (REAL) (Geiger et al., 1997) agents or adenosine regulating 

agents (ARAS) (hiullane and Bullough, 1995). Unlike direct adenosine receptor 

activation with agonists, these agents attempt to make use of endogenous adenosine. As 

these agents have been proposed to increase adenosine in a "site" and "event" specific 

manner, there may be a lower incidence of systemic side effects. These agents either 

directly interact with the nucleoside transporters, which allow adenosine to permeate the 

ce11 membrane, or one of  the key enzymes involved in adenosine metabolism. Although 

these agents are thought to be selective at their site of action, an overall understanding of 

the adenosinergic system is required to have insight into why and how these agents 

produce their effects. In the subsequent sections, this thesis will describe the metabolic 

pathways, nucleoside transporters and potential release mechanisms involved in the 

overall regulation of extracellular adenosine levels. 

3.0 Regulation of Extracellular Adenosine in the CNS 

As stated previously (see section 1. l), adenosine has been known to have CNS 

activity since approximately 1970. In the 30 years since these early reports, adenosine has 

been reported to be involved in many physiological and pathophysiological CNS 

functions. However, little is conclusively known regarding the regulation of endogenous 

adenosine in the extracellular cornpartment of the C N S .  Extracellular adenosine levels are 

regulated by a number of enzymatic pathways, transport systerns and ce11 types in the 



CNS. Although much is known about the individual enzymes and transporters (see fig 2), 

the global scherne of adenosine regdation in the CNS is not clear. Questions arise 

regarding the cellular source of adenosine (neuron vs. astrocyte or other cell type) and 

pathway involved in extracellular accumulation (adenosine release per se vs. nucleotide 

release and extracellular metabolism). It has been proposed that under physiological 

conditions extracellular adenosine arises fiom both adenosine release and adenosine 

derived fiom extracellular adenine nucleotides (Geiger et al., 1997). Regardless of the 

source, in vivo estirnates of CNS extraceiluIar adenosine levels range fiom 20nM to 2 pM 

with microdialysis, cranial window or cortical cup techniques (Ballarin et al., 1991; Chen 

et al., 1992; Hagberg et al., 1987; Meno et al., 199 1; Phillis et al., 1987; Van Wylen et al., 

1986). It is conventionally believed that during pathophysiological conditions, 

extracellular adenosine arises ffom released adenosine due to decreased cellular ATP 

pools (Von Lubitz, 1999). However, some reports have indicated a role of extracellular 

adenine nucleotides as the source of adenosine during these conditions (Koos et al., 

1997). As these pathways have not been directly shown, one must use indirect evidence 

to gain a better understanding of the processes involved. This thesis wilI focus on the role 

of extracellular adenine nucleotides, nucleoside transporters, purine anabo lic and 

catabolic enzymes and the blood-brain barrier in regulating interstitial adenosine levels in 

the CNS. 

3.1 Extraceilular Adenine Nucleotides 

The release of adenine nucleotides such as ATP, ADP and CAMP has been 

docurnented fiom numerous CNS and non-CNS ce11 types. As charged compounds are 



membrane impermeable, it is not surprising that extracellular enzyrnatic pathways exist to 

metabolize the nucleotides to a membrane permeable forrn, which is adenosine. Thus, 

adenine nucleotides released kom cells are a major potential source of extracellular 

adenosine. 

3.2.1 Release of Adenine Nucleotides 

Adenine nucleotides are released fiom different ceII types and via different 

mechanisms in the CNS. ATP is the most widely documented adenine nucleotide 

released in the CNS. It is released fiom neurons, astrocytes and microvasculature 

endothelial cells under physiological and pathophysiological conditions. Neuronal release 

is predorninantly vesicular as inhibitors of synaptic ca2+ channels or vesicular proteins 

will decrease the majority of ATP release fiom neurons (Fields and Stevens, 2000; 

Zimmermann, 1997). Astrocytic and endothelial ATP release occurs via a poorly 

characterized mechanism. Increased intracellular ca2+, increased ce11 volume and 

membrane perturbations have been reported to induce non-vesicular ATP release kom 

these cells. Gap junctional hemichannels (Cotrina et al., 2000) and ABC transporters 

(Zimmermann, 1996) have been hypothesized to be involved in this form of ATP release. 

It has been reported that astrocytic release of ATP is important in astrocyte-astrocyte and 

astrocyte-neuron communication (Cotrina et al., 1998a; Guthrie et al., 1999). As most 

CNS cells contain Pz receptors and are capable of ATP release, extracellular ATP is 

intricately involved in CNS function. In addition to ATP, other nucleotides have been 

documented to be released into the extracellular environment, and therefore may be 

potential sources of adenosine. CAMP release has been reported fiom both neurons and 

astrocytes when AC activity is high (Rosenberg et al., 1994; Rosenberg and Li, 1996). 



Figure 2: Basic Overview of the Adenosinergic System 
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A basic two ce11 mode1 for the regulation of adenosine and other purine nucleotides and 
nucleosides. The system is further complicated by the asymmetical distribution of the enzymes 
and transporters between the cells. ADO-adenosine, INO-inosine, M-hypoxanthine, UA-unc 
acid, SAH-S-adenosyl homocysteine, 1-AMP-selective S'nucleotidase, 2-adenosine kinase, 3- 
AMP deaminase, Cadenosine deaminase, 5-IMP-selective S'nucleotidase, 6-purine nuclsoside 
phosphorylase, 7- hypoxanthine-guanine phosphonbosyl transferase, 8-xanthine oxidase, 9- 
phosphodiesterases, 10-ecto-Snucleotidase, 1 1 -ecto-ATPases, 12- S-adenosylhomocysteine 
hydrolase, 13-nucleoside transporters, 14-non-vesicular ATP release, 1 5-vesicular ATP 
release, 1 6-nucleobase transporters 



This has been docurnented in cortical, striatal and hippocarnpal preparations. The 

release of CAMP has been proposed to occur by a furosemide sensitive rnechanism, 

indicating a role for CI- channels. There have also been reports of AC acting as the CAMP 

transporter (Krupinski et al., 1989). ADP and AMP have also been reported to be 

released fkom cells, however the rnechanism and physiological significance of these 

processes are unknown. In addition to conventional adenine nucleotides, diadenosine 

polyphosphates and NAD' are released and metabolized in the extracellular milieu to 

adenosine (Zimmermann, 1996). Therefore, there are numerous adenine nucleotides that 

can potentially be metabolized to adenosine in the interstitial environment of the CNS. 

3.1 -2  Metabolism of Adenine Nucleotides and Nucleosides 

Adenine nucleotides, because of their charged phosphate groups, are impermeable 

to the plasma membrane, in the absence of facilitated mechanisms. When released into 

the extracellular environment, adenine nucleotides must be metabolized to a membrane- 

permeable metabolite, which is conventionally believed to be adenosine. The metabolic 

pathways involved in extracellular adenine nucleotide metabolism have been well 

characterized in the CNS. 

3.1 -2.1 Ecto-SNucleotidase 

Ecto-5'-nucleotidase (e-N, EC 3.1.3.5; a.k.a. CD 73) is the best characterized of 

the ecto-purinergic enzymes (Zimmermann, 1992; Zimmermann, 1996). It is responsible 

for the extraceltular dephosphorylation of AMP to adenosine and free phosphate. Thus, it 

is the direct source of extracellular adenosine fonned fiom extracellular adenine 



nucleotide. This enzyme has been well characterized and cm be easily distinguished fiom 

the cytoplasmic S7NTases c-N-1 and c-N-JI (see section 3.5) by rnolecular and kinetic 

properties. A glycosyl phosphatidylinositol (GPI) at the C-terminus of e-N anchors the 

protein to the plasma membrane, in an extracellular facing orientation, Cleavage of the 

GPI-anchor via PLC has been reported to produce a soluble form of e-N, designated e- 

Ns. This soluble protein has been reported to represent approximately 30% of  the total 

5'NTase activity in the CNS. e-N-s has been reported in the cytopiasm, in vesicles and in 

synaptic spaces. The molecular and biochernical properties of e-N and e-N-s indicate that 

these are the same proteins. 

The primary sequence of the e-N subunit was identified in 1990 (Misumi et al., 

1990a; Misitmi et al., 1990b). This subunit has 574-577 AA, with a MW of 62-74 kDa. 

As e-N is an au-dimer of these subunits, the native protein has a molecular weight of 

approximately 125-1 50 kDa (Zimmermann, 1992). The cloned enzyme was similar in 

size to e-N isolated from various species. The biochemical properties of e-N are very 

similar between neural and peripheral tissues as well as between species. Although 

values Vary from preparation to preparation, the Km of e-N is between 1-50 pM for both 

AMP and IMP (Zimmermann, 1992). This affinity is much higher than for either c-N-1 or 

c-N-II. A number of endogenous compounds are involved in the regulation of e-N 

activity. Zinc is required for activity. Unlike the cytosolic 5' NTases, micromolar levels 

of ATP and ADP potently inhibit e-N activity. Thus, during conditions where 

extracellular ATP andor ADP are elevated, extracellular adenosine levels may not rise 

concurrently, as e-N activity will be decreased. Free phosphate does not appear to have 

any effect on e-N activity, which is different nom most purinergic enzymes. In addition, 



oxidative stress may decrease the activity of e-N @ornauska-Janik and Bourre, 1990)- 

Alpha, beta-methyleneadenosine 5'-diphosphate (AMPCP) has been used to 

pharmacologically inhibit e-N to gain a better understanding of the role of e-N. AMPCP 

is not an inhibitor of c-N-1 or c-N-II. hterestingly, methylxanthines such as caffeine or 

theophylline inhibit e-N at concentrations used to antagonize Pi purinergic receptors 

(Fredholm et al., 1978; Heyliger et al., 1981). Thus, care must be used when interpreting 

results with these compounds when endogenous adenosine is thought to play a role. The 

biochemical properties of e-N indicate that it is important for extracellular adenosine 

production as the affinity for A.MP is in the physiological range. 

The distribution of e-N in the nervous system is well characterized. Early 

irnmunocytochemical techniques in rat brain detected expression of e-N predominantly 

on non-neuronal cells such as astrocytes, oligodendrocytes and myelinated fibers 

(Kreutzberg et al., 1978; Snyder et al., 1983). In vitro preparations have indicated that e- 

N is expressed in both neuronal and astrocytic cultures (Meghji et al., 1989; Snyder et al., 

1 983; S te fanovic et al., 1976). As e-N has not been documented in neurons irz vivo excep t 

in hippocampal neurons (Zimmermann, 1996; Zimmermann, 2000), this may point to the 

importance of e-N to ce11 sunival in culture, possibly via scavenging of released purine 

nucleotides. In addition to the differences in cellular distributions, there is heterogeneity 

between brain regions, with the highest activity seen in the hippocarnpus and cerebellum 

with lower signals in the cortex, basal ganglia and supenor colliculus in rat brain 

(Zimmermann, 1996; Zimmermann, 2000). Further information is required on the 

distribution of e-N in species other than rat, especially the cellular and regional 



distribution of e-N in human brains. This will help to determine whether e-N is important 

in extracellular adenosine formation in certain cetlshreas in the brain. 

3.1 2 2  Ecto-ATPase 

Extracellular ATP is dephosphorylated to ADP or AMP by ecto-ATPases. There 

have been at least 4 different types of ecto-ATPases reported in the CNS. Little 

information has been reported regarding the specific enzymes in the CNS, although ecto- 

ATPase activity is present in neurons, astrocytes and endothelial cells. The most well 

characterized enzyme is ecto-ATP-diphosphohydroIase (ATPdase, EC 3.6.1.5; a.k.a. 

ecto-apyrase or CD 39), which metabolizes tri- and diphosphates. A number of ecto- 

ATPdase isoforms have been cloned and the distribution of ecto-NTPdase 1 appears to be 

Iimited to microglia md the brain vasculature (Braun et al., 2000). The activity of ecto- 

NTPdases has been reported in neurons and astrocytes, indicating other isoforms of ecto- 

NTPDase. The activity of this class of enzyme is tightly regulated by glycosylation 

(Smith and Kirley, 1999), phosphorylation and reactive oxygen species (ROS). The 

importance of ecto-NTPdase may be seen in reports of its deficiency in humans with 

temporal lobe epilepsy and mice with audiogenic seizures (Chadwick and Frischauf, 

1998; Wang et al., 1997). Specific ecto-ATPase (EC 3.6.1.3; ATP + ADP + Pi) (Kegel et 

aI., 1997), ecto-ADPase (EC 3.6.2.6; ,4DP + AMP + Pi), extraceIlular adenylate kinase 

(EC 2.7.4.3; ATP + AMP + 2 ADP) (Nagy et al., 1989; Terrian et al., 1989) and alkaline 

phosphatase (EC 3.1.3.1) (Ogata et al., 1988) have also been reported in the CNS. Further 

research is needed to determine the specific role of each enzyme in the metabolism of 



extracellular ATP and whether there are cellular and regional differences in the activity 

of each enzyme- 

3.1 -2 -3 Ecto-Adenosine Deaminase 

ADAI is conventionally seen as an intracellular enzyme, which metabolizes 

adenosine with a Km of 40-50 FM (see section 3.4). The existence of ecto-ADA was 

initially descrïbed from fibroblasts as ADAi from these cells was sensitive to detergent 

treatrnents in a similar marner to ecto-S'nucleotidase. The ecto-ADAl has been reported 

in blood and endothelial cells since the original documentation (Franco et al., 1998). The 

majority of studies investigating the physiological significance of ecto-ADA has been 

perfotmed in immune cells, where ecto-ADA binds CD26 to maintain its extracetlular 

orientation. Ln the immune system, it has been hypothesized to play a role in ce11 

signalling and immune system development (Franco et al., 1998). The role of ecto-ADA 

in the CNS has been poorly defined. It has been hypothesized to be involved in CNS 

development and neuronal activity, likely through reguiation of adenosine levels (Franco 

et al., 1997). From a pharmacological point of view, ecto-ADA could be important not 

oniy in regulating extracellular adenosine levels but also in re~ulating the affinity of the 

adenosine Ai receptor for adenosine. In viîro studies have dernonstrated that exogenous 

ADAL can bind to the adenosine Ai receptor and induce a change in the proportion of 

receptors in a high affinity state (Ciruela et al., 1996; Saura et al., 1996; Saura et al., 

1998). Therefore, ecto-ADA may act as an important facilitator of rapid and sensitive 

adenosine Ar receptor activation as it increases the affinity of the receptor and will 

degrade adenosine. However, the role and distribution of ecto-ADA in the CNS must be 



fùrther elucidated before the impact of this ecto-enzyme on extracellular adenosine levels 

is known. 

3.1.2.4 Other enzymes 

Although ecto-S'nucleotidase and ecto-ATPases are the most important enzymes 

involved in extracellular adenosine formation, other extracellular enzymes are important 

in the degradation of adenine nucleotides other than ATP, and therefore may be invoived 

in adenosine production. Extrace llular phosphodiesterases (ecto-PDE} are invoIved in the 

production of extracellular adenosine from CAMP released fiom cells. Ecto-PDE was 

initialIy discovered in liver cells (Smoake et al., 1981) and has since been discovered in 

numerous tissues (Goding et al., 1998). Although little information exists regarding the 

role of ecto-PDE in the CNS, its activity has been described in rat and human astrocytes 

(Rosenberg et al., 1994; Rosenberg and Li, 1995; Rosenberg and Li, 1996) as well as 

neuroblastoma cells (Orlov and Maksimova, 1999). Other enzymes such as extracellular 

Ap,Ases, which metabolize diadenosine polyphosphates, ecto-NAD-glycohydrolase and 

ecto-alkaline phosphatase may play a role in extracellular adenosine production from 

nucleotides, however there is limited howledge about the function and distribution of 

these enzymes in the CNS (Zimmermann, 1996; Zimmermann, 2000). 

3.2 Nucleoside Transporters 

Nucleoside transporters are membrane proteins that allow the movement of purine 

and pyrimidine nucleosides across the plasma membrane. The pnmary function of these 

transporters is for the saIvage of nucleosides for metabolic processes such as cellular 



replicatiori and transcription. This is a required mechanism for cells lacking de novo 

purine and pyrimidine pathways. These transporters also fùnction in the regulation of 

adenosine, which is biologically active in the extracellular environment- 

Pharmacologically, these transporters are important in the cellular permeability of 

nurnerous chemotherapeutic compounds. This thesis will concentrate primarily on the 

role of nucleoside transporters in maintenance of intra- and extra-cellular adenosine 

levels. 

In 1963, Kubler and Bret-Schneider were the first group to report the cellular 

transport of purine and pyrimidine nucleosides across red blood ce11 (RBC) plasma 

membranes (Kubler and Bretschneider, 1963). During the past 38 years, extensive 

research has led to a better understanding of nucleoside transport processes (Cass et al., 

1998). 

3 2.1 Equilibrative Nucleoside Transporters 

The equilibrative nucleoside transporters are integral-membrane proteins that allow the 

facilitative, or equilibrative, bi-directional flux of adenosine and other nucleosides across 

the plasma membrane. Initial studies in erythroc ytes detailed the bi-directional movement 

of nucleoside (Kubler and Bretschneider, 1963), that was later found to be potently and 

select ively inhibited by the nucleoside analog nitrobenzylmercaptopurine nboside 

(NBMPR) (Pickard et al., 1973; Pickard and Paterson, 1972). Studies later emerged that 

documented equilibrative nucleoside transport that was not potently inhibited by NBMPR 

(Jarvis and Young, 1986; Plagemann and Wohlhueter, 1984). Based 



Figure 3: Schematic Diagram of Nucicoside Transporters 

(A) CNTl and CNTt 

(B) ENTl AND ENT2 

Diagrains taken Croni Yao et. al.(Yao et a[., 2001) and Loewen et. al.(Loewen et al.. 
1999). 



on the sensitivity to NBMPR inhibition, the equilibrative nucleoside transporters were 

designated equilibrative sensitive (es) and equilibrative insensitive (ei). 

3 -1.1.1 es Nucleoside Transporter 

The es transporter is the best characterized of the nucleoside transporters. 

3.2.1.1.1 Molecular Biology and Purification 

The es transporter was initially isolated using detergent and ion exchange 

chrornatography to pur ie  the protein from human and pig erythrocytes. The purîfied 

protein, when reconstituted in phospholiposomes, enabled transport of uridine, bindins of 

['HINBMPR and had an apparent MW of 64 kDa (Jarvis, 1987). Immunoaffinity 

chrornatography fiom human RBC produced a protein of 55 kDa on SDS-PAGE gels. 

The es transporter has also been purified fiom rat, guinea pig and rabbit sources. The 

differences in the apparent size of the isolated proteins are due to differences in the level 

of glycosylation as endo-glycosidase treatrnent produces a protein of 47-51 kDa (Griffith 

m d  Jarvis, 1996). The species differences and fùnction of the glycosylation of  the 

transporters is unknown, The es transporter was cloned in 1997 from rat, mouse and 

human tissues (Griffiths et al., 1997a; Yao et al., 1997). The clones, regarded as ENTl 

(gdibrative ~ucleoside Bansporter) demonstrate that there are differences in 

glycosylation sites between the different species. The human clone is 456 AA encoding a 

protein of 50.2 kDa (Griffiths et al., 1997a) while the rat clone is 457 AA producing a 

protein of 50 kDa (Yao et al., 1997). The cloning of the es transporter enabled m e r  



investigation of the kinetics and molecular detemination of the distribution of  the 

transporter. 

3 2.1 -1 -2 Endogenous Activity 

The endogenous activity of the es transporter is determined by the permeant 

concentrations, the kinetics of the transporter and the distribution of the transporter. As 

stated earlier, a wide range of purine and pyrimidine nucleosides are transported by the es 

transporter. The affinity of each of these nucleosides for the es transporter is species 

dependent. Influx studies (see section 4.1.1) report that the es transporter has a Km of 20- 

50 pM for adenosine. As the es transporter is an equilibrative transporter, the kinetics of 

nucleoside release has also been investigated (see section 4.1.2). The release of 

 uridine and [3~]formycin B (FB) have similar kinetics to influx in cells containing es 

transporters. 

The distribution of the es transporter has been investigated with activity studies, 

[ 3 ~ ] ~ ~ ~ ~ ~  binding, northern blots, in situ hybridization, RT-PCR and 

immunohistochernis~. Specific [ 3 ~ ] ~ ~ M P ~  binding in rat brain has dernonstrated hi& 

levels of the es transporter in the striatum, cortex, superior colliculus, substantia nigra, 

hypothalamus, choroid plexus and thalamic structures while very low !evels are seen in 

the hippocampus, cerebellum and white matter (Anderson et al., 1999b; Geiger and Nagy, 

1990). Studies have indicated a good correlation between [)H]NBMPR binding and the 

distribution of ADAl activity in rat brain (Deckert et al., 1988a; Deckert et al., 1988b; 

Geiger and Nagy, 1990). Molecular studies have indicated widespread distribution of 

ENTl mRNA transcript in rat and human brain (Anderson et al., 1999b). In addition to 

the regional distribution of the es transporter in the CNS, there have been reports of 



cellular differences. In vitro studies have demonstrated es transport in neurons, astrocytes 

and endothelial cells. In ceils denved Çom chick embryos, neurons were reported to have 

higher affinity for adenosine transport than astrocytes while the astrocytes have a greater 

capacity for uptake (Thampy and Barnes, 1983a; Thampy and Barnes, 1983b). AIthough 

much work involving es transport in the CNS has been produced, more studies are 

needed to determine fiirther cellular and regionai differences in es transport and potential 

CO-localization with purinergic receptors and enzymes. 

3 .S. 1 .2  -3 Phannacological Regulation 

The nomenclature of the es transporter is based on the potent and selective 

inhibition of the transport system by NBMPR. This compound was initially used to 

differentiate between es and ei transporter subtypes. NBMPR inhibits es transport of 

adenosine with a Ki of O. 1-1 .O nM, which is similar among species. The inhibition 

involves tight but reversible binding of NBMPR to a single non-cooperative site on the es 

transporter (Geiger and Nagy, 1990) thought to be present in transmembrane domain 4 

(Yao et al., 2001). Inhibition of nucleoside transport through the es transporter by 

hBMPR closely correlates to [ 3 ~ ~ ~ ~ ~ ~  binding. Inhibition of nucleoside influx by 

NBMPR occurs in a competitive manner while efflux inhibition occurs via  a non- 

competitive mechanism. This is consistent with an NBMPR binding site on the 

extracellular surface of the es transporter. 

Although NE3MPR is the most potent and selective inhibitor of the es transporter, 

a vast m a y  of non-nucleoside compounds has been reported to inhibit this transporter. 

The vasodilators dipyridarnole @PR) and dilazep @ZP) have been widely used as 



inhibitors of nucleoside transport. DPR is a potent inhibitor of es nucleoside transport in 

human, rabbit and guinea pig tissues with a Ki of 1-10 KIM. However, in rat and mouse 

tissues, it is not a potent inhibitor of this transporter with Ki values of greater than 1 FM. 

DZP is also not selective at inhibiting the es transporter but it is a relatively potent 

inhibitor of this transporter in aiI species except rat. Lidoflazine and its analogues 

draflazine, soluflazine and mioflazine have been reported to be potent inhibitors of 

hurnan and rabbit es transport but not in rat or mouse cells (Griffith and Jarvis, 1996). 

The interest in these compounds is based on the high oral bioavailibility compared to 

DPR or DZP. The xanthine derivative propentofjdiine has been reported to inhibit es 

transport at concentrations around >1 FM (Ohkubo et al., 199 1 ; Parkinson et al., 1993), 

which are similar to the concentrations at which propentoQlline inhibits adenosine Ai 

receptors (Borgland et al., 1998). 

Due to the role of the es transporter in regulating adenosine levels, nucleoside 

transport inhibitors have been proposed as therapeutic agents in a number of CNS 

conditions. Outside of the CNS, nucleoside transport inhibitors have been used 

therapeutically for anti-platelet aggregation and adjuncts in chemotherapy. in the CNS, a 

clinical role has not been attained but many uses have been investigated at a basic level. 

NBMPR, DPR and propentofjdline have been investigated for neuroprotective properties 

during conditions of cerebral ischemia. NBMPR-P, which is a water-soluble pro-drug 

form of NBMPR, has been demonstrated to protect against ischemic injury in rats when 

given by intracerbrovasculahire (ICV) or intraperitoneal injections (i-p.) (Parkinson et al., 

2000; Parkinson et al., 2001). When NBMPR (i-p.) was given in gerbil forebrain 

ischemia, no significant effect was seen upon neuronal damage (DeLeo et al., 1988a), 



likely due to low solubility and blood-brain barrier (BBB) penneability (Anderson et al., 

2996a). PropentoQlline has been demonstrated to decrease ishemic damage in rat and 

gerbil models (Andine et al., 1990; Dux et al., 1990; Gidday et al., 1995; Haag et al., 

2000; Johnson et al., 1998; Matsumoto et al., 1996; Park and Rudolphi, 1994). Although 

propentofylline is not selective for inhibition of the es transporter, an adenosine-mediated 

pathway is likely responsible for the decreased neuronal darnage as there is increased 

CNS adenosine levels (Andine et al., 1990; Dux et al., 1990), increased blood flow 

(Turcani and Tureani, 2001) and was sensitive to theophylline inhibition (DeLeo et al., 

1988b; Fern et al., 1994). DPR, because of its low solubility, poor oral bioavaitibility and 

BBB perrneability (Gertnan et al., 1989; Sollevi et al., 1984), has not been widely tested 

for its neuroprotective properties. However, it has been reported to increase blood flow to 

ischemic brain regions and increase post ischemic adenosine levels (Park and Gidday, 

1 990; Phillis et al., 1989). Also, it has been reported to decrease the incidence of strokes 

clinically, possibly due to its effects on C N S  adenosine levels (Picano and Abbracchio, 

1998). In addition to cerebral ischemia, a number of nucleoside transport inhibitors have 

been investigated as anti-convulsants. DZP has been reported to decrease kainic acid- and 

bicuculline methiodide-induced seizures in rats, by an adenosine receptor sensitive 

mechanism (Shang et al., 1990; Zhang et al., 1993). DPR has been reported to decrease 

b iciicull ine methiodide-, hypoxic- and penicillin-induced seizures (Eldridge et al., 1989; 

Thorat and Kulkarni, 1990a; Thorat and Kulkarni, 1990b). Interestingly, many clinically 

used anti-convulsant agents such as midazolam and diazepam are inhibitors of es 

nucleoside transport, although not at clinically relevant doses (Phillis, 1984; Seubert et 

al., 2000; Ujfalusi et al., 1999). The effects of caffeine on wakefulness exemplify the role 



of adenosine and sleep regulation. Nucleoside transport inhibitors may potentially be 

usehl alternatives to conventional sleep inducing agents such as benzodiazepines or 

barbiturates. The nucleoside transport inhibitors NBMPR and mioflazine have been 

reported to prornote sleep in cats and dogs, respectively (Porkka-Heiskanen et al., 1997; 

Wauquier et al., 1987). Therefore, nucleoside transport inhibitors have potential for a 

number of CNS related conditions. More selective and potent inhibitors of the es 

transporter that are orally active, water soluble and BBB penneable are needed to hrther 

investigate the clinical usefulness of  these compounds. 

In addition to the compounds that were designed/discovered to be potent 

inhibitors of the es transporter, a number of commonly used compounds have been 

reported to interact with the es transporter. As stated above benzodiazepines have been 

reported to inhibit es transport in the micromolar range (Phillis, 1984; Seubert et al., 

2000). Calcium channel inhibitors such as verapamil, nimodipine, and nitrendine ha-ve 

been reported to inhibit NBMFR sensitive nucleoside transport (Deckert and Gleiter, 

1994; H a m o n d  et al., 1985; Plagemann and Woffendin, 1987). Antidepressants such as 

desiprarnine and fluoxetine are weak inhibitors of es nucleoside transport (Parkinson, 

unpublished data). Ethanol has been reported to inhibit es transport by a CAMP- 

dependent mechanism (Coe et al., 1996; Krauss et al., 1993). The adenosine Ai receptor 

agonist CHA and the adenosine kinase inhibitor ITU have been reported to inhibit the es 

transporter (Borgland and Parkinson, 1998; Geiger et al., 1985; Parkinson and Geiger, 

1 996). Thus, the possible role of es transporter-mediated effects must be considered when 

adenosinergic pathway might be involved with these compounds. 



3 -2.1.2 ei Nucleoside Transporter 

Following the initial studies demonstrating nucleoside influx that was sensitive to 

inhibition by nanomolar levels of NBMPR, numerous studies were published 

documentinp inhibition of nucleoside transport by NBMPR only at concentrations greater 

than 1 PM. Ln cornparison to the es transporter, little is known about the function, 

distribution and rnolecular characteristics of the ei transporter as selective inhibitors and 

radiolabeled markers are not available. 

3.2.1.2. L Molecular Biology and Purification 

Until the cloning of the ei transporter in 1997 from hurnan and rat tissues 

(Crawford et al., 1998; Grïffiths et al., 199ïb), the molecular nature of the transporter 

was not characterized. Only one report had demonstrated isolation and functional 

reconstitution of the ei transporter (Hammond, 1994). Until the cloning of the ei 

transporter, it was unclear whether the ei and es transporters were just post-translational 

modifications of the sarne gene product or two different proteins derived from two 

different genes (Plagemann et al., 1988). The cloning of the ei transporter demonstrated 

that these nvo transporters had separate genes. The ENT2 cDNA encodes for a 456 AA 

protein (MW 50.2 kDa) from both rat and human tissues, which is very similar to the 

ENT1. Although the size of the proteins is similar, there is only 50% identity between the 

ENTl and ENT2 AA sequence in either human or rat transporters. Sirnilar to ENTl, the 

ENT2 transporter has putative glycosylation sites on the N-terminus between 

transmembrane domains 1 and 2. The cloning of the ei transporter should allow for an 



understmding of the fùnction and distri'bution of  the transporter, which until now has 

been minimal. 

3.2.1 -2.2 Endogenous Activity 

Based on the kinetics of the ei transporter, it is understandable that many 

researchers believed the es and ei transporters were derived fiom the same gene. The ei 

transporter, similar to the es transporter, has both purine and pyrimidine nucleosides as 

permeants, with similar Km values to the es transporter for each compound. Adenosine 

has been reported to have a Km of 30-70 pM whiie uridine has a Km of 70-280 pM 

(Griffith and Jarvis, 1996). These values are similar to those reported for the es 

transporter. However, guanosine has been reported to be transported with a Km 10 fold 

higher by the ei transporter than the es transporter (Hammond, 1992; Ward et al., 2000). 

Therefore the ei transporter may be more specific for adenosine than guanosine transport 

compared to the es transporter. 

The CNS distribution of the ei transporter is very poorly characterized. Ei 

transporter activity has been demonstrated in numerous CNS preparations including 

synaptosomes and hurnan astrocytes (Gu et al., 1996; Lee and Jarvis, 1988). There is a 

species difference in CNS es and ei transport between rabbit, where 65% of transport is 

es, and guinea pig and rat where the majority is ei transport (Jones and Hamrnond, 1995). 

Although ei transport has been demonstrated, there is no conclusive data demonstrating 

regional or cellular differences in CNS ei activity. [ 3 ~ ] ~ ~ ~  in the presence of NBMPR 

was proposed as a way of detecting the ei transporter, similar to the use of  [ 3 ~ ] ~ ~ ~ ~ ~  

and the es transporter (Jones and Hamrnond, 1992). However, this method does not 



produce reliable results due to high non-specific binding of [.'H]DPR (Griffith and Jarvis, 

1996). RT-PCR, northem biots and in situ hybridization dernonstrated mRNA transcript 

for the ENT2 transporter ubiquitously in human and rat brain (Anderson et al-, 1999a). 

The important next step is to perform immunohistochernistry with antibodies for the 

ENT2 transporter to determine if there are regional and cellular differences in transporter 

expression. 

3 -2.1.2.3 PharmacologicaI Regdation 

As stated above, there are no available selective inhibitors of the ei transporter. 

AIthough described as NBMPR insensitive, the more appropriate description would be 

poor or low sensitivity as rnicromolar concentrations of NBMPR c m  inhibit ei transport. 

DPR, DZP and propentoQlline have also been shown to inhibit si transport, but normally 

at higher concentrations than required for the es transporter. The most selective of the 

conventional transport inhibitors at inhibiting ei transport is the lidoflazine analogue, 

soluflazine. Soluflazine has been reported to be 8 fold more potent at inhibiting ei 

transport than es (Harnmond, 1991). The further development of selective and potent ei 

transport inhibitors will enable further understanding of the role of this transporter in the 

CNS. 

3 -2.2 ~a%ependent Nucleoside Transporters 

~a'-dependent nudeoside transport was initially described in rabbit choroid 

plexus (Spector, 1980). These studies documented intracellular accumulation of 

nucleosidss greater than 10 fold the extracellular concentration (Plagemann et al., 1988). 



The Na' dependent transport could be inhibited by dinitrophenol @NP) and iodoacetate 

(IAA) and was unaffected by NBMPR or DPR. Other studies soon began to emerge 

documenting ~a+-dependent transport in kidney, intestinal, liver and epithelial cells 

obtained frorn different species (Plagemann et al., 1988). It became apparent that Na' 

dependent nucleoside transport was widely expressed and that there were numerous 

forms of this type of transport mechanism. In fact, six different ~a'-dependent nucleoside 

transporters have been described that differ in permeant selectivity, ~a+/nucleoside 

stoichiometry, and sensitivity to NBMPR inhibition (Cas  et al., 1998). Although 

numerous transporters have been described, Little is known about the fiinction and 

distribution of each transporter. 

3 2.2.1 C E  Nucleoside Transporters 

The N1 or ~~~(çoncentrative, insensitive to NBMPR,lonnycin B selective) 

transporter is a Na'-dependent transporter which transports predominantly purine 

nucleosides such as adenosine, guanosine and fomycin B as well as the pyrimidine 

nucleoside uridine. This is the only N$-dependent transporter characterized to date that 

has adenosine as a preferred permeant. 

3.3.2.1.1 Molecular Biology and Purification 

isolation of the ciftransporter was initially descnbed fkom rat intestinal and liver 

samples using ~ O ~ ~ ( A ) + ~ R N A  injected into Xenopus oocytes (Che et al., L995). The cif 

transporter was cloned in 1995 and initially regarded as SPNT (sodium dependent purine 

nucleoside transporter) (Che et al., 1995), which is now more commonly known as CNT2 



(çoncentrative nucleoside &ansporter) (Yao et al., 1996). The rat and human CNT2 

clones encode a protein of 659 or 658 AAs, respectively, with a MW of -7îkDa. Initial 

hydropathy plots indicated that the transporter contained 14 trammembrane domains 

while more recent studies indicate 13 transmembrane domains ( C a s  et al., 1998)- The 

protein has numerous putative regdatory sites including 3 protein kinase A (PKA) and 6 

protein kinase C (PKC) phosphorylation sites and 5 potential glycosylation sites (Che et 

al., 1995). The CNTI, transporters show no significant homology to either ENTl or ENT2 

but there is 64% identity to the CNT1 transporter AA sequence (see section 3.2.2.2). The 

cloning of the CNT2/cif transporter has enabled research into the function and 

distribution of the transporter. 

3 2 2 - 1 2  Endogenous Activity 

The cgtransporter is selective for the transport of purines, with the exception of 

uridine. In vitro studies using native and recombinant czj7CNT2 transporten have 

demonstrated that the a m t y  of the transporter for adenosine and uridine is 1- 14 pM and 

9-40 PM, respectively (Cas  et al., 1998; Griffith and Jarvis, 1996). The transport is 

unaffected by the equilibrative transport inhibitors NBMPR or DPR nor is it altered by 

pyrimidine nucleosides such as cytidine or thymidine. The ~a gradient cirives the 

accumulation or concentration of adenosine or other purine nucleosides into cells, even 

during conditions where intracellular Ievels are higher than extracellular levels. Similar to 

~a+-dependent glutamate transporters, the ciftransporter has been demonstrated to 

release its pemeants when the ~ a +  gradient is removed (Borgland and Parkinson, 1997). 

Thus, this transporter, may function not only in removing adenosine from the 



extraceIIuIar space, but may also be involved in the cellular release of adenosine under 

pathophysiological conditions where ~ a +  gradients are disturbed. 

The absence of radiolabeIed inhibitors and antibodies to the cz~transporter has 

Iimited the progress of knowledge about the distribution and fùnction of this transporter. 

Transporter activity and mRNA expression have demonstrated widespread distribution of 

the ciftransporter. Outside the CNS, czyactivity has been reported in nurnerous tissues in 

the body, primarily in liver, kidney and intestine (Griffith and Jarvis, 1996). In the rat 

CNS, synaptosomes, neurons and astrocytes have been reported to possess 30-90% of 

their total nucleoside transport as ~a*-dependent. The distribution of rCNT2 &A has 

been demonstrated in most regions of the rat brain with RT-PCR, northem Mots and in 

sittc hybridization (Anderson et al., 1996b). Although the czjftransporter has been 

demonstrated in the CNS, very little is known about the role of the transporter in the 

brain. 

3 -3.2- 1 -3 Pharmacological Regulation 

Similar to al1 reported nucleoside transporters except the es and NS transporters, 

seIective inhibitors of cifnucleoside transporters have not been reported. The transporter 

is unaffected by the conventional es inhibitors NBMPR, DPR or DZP. Gemcitabine, a 

chemotherapeutic nucleoside analogue, has been reported to inhibit c$rnediated 

nucleoside transport but not es, ei or cit (see 3.2.2.2) (Mackey et al., 1998; Mackey et al., 

1999). The method used to inhibit cifand other ~a'-dependent nucleoside transportes 

for in vitro studies is the disrup tion of the ~ a '  gradient by replacing extracellular Na' 

with lithium, choline or N-methylglucamine, inhibiting N~+/H+ or N ~ + K +  exchangers or 

depleting cellular ATP levels (Plagernann et al., 1988). However, each of these methods 



has non-selective effects, which may S e c t  the ùiterpretation of the results. Along with 

antibodies to the ciftransporter, selective and potent inhibitors are required to obtain a 

better understanding of the fùnction, role and distribution of this transporter. 

3.2.2.2 Other Concentrative Nucleoside Transporters 

In addition to the ciftransporter, five other ~a'-dependent nucleoside transporters 

have beeri reported, two of wkch have been cloned. The best characterized of these 

transporters is the N2 or cit (çoncentrative, jnsensitive to NBMPR, thymidine selective), 

which is pyrimidine-selective except for pemeation of adenosine. Human and rat cir 

transporters have been cIoned and are regarded as CNT1. The CNTl clones produce a 

protein of 648 U s  (-71 kDa) (Huang et al., 1994). The native and cloned transporter has 

a Km for adenosine and uridine of 15-26 and 7-3 1 PM, respectively (Cass et al., 1998). 

Although adenosine has a high affinity for cit, the V,,, for adenosine pemeation is low, 

indicating relatively poor penneability. The activity of cit has been demonstrated 

pnrnarily in the kidney and intestines (Griffith and Jarvis, 1996) while in rat brain rCNT1 

mRNA expression has been demonstrated widely (Anderson et al., 1996b). 

The N3 or ci& (concentrative, insensitive to NBMPR, hroadly selective) 

transporter has been reported to have both purines and pyrimidines as permeants. The cib 

transporter was recently cloned f?om rat and human tissues and was designated CNT3 

(Ritzel et al., 2001). A clone with cib-like activity (called SNSTl) has been reported but 

it does not appear to have sirnilar kinetics or distribution to the cib transporter, which has 

been reported in leukemic blast cells, choroid plexus and intestine (Cass et al., 1998). The 

recent cloning of this transporter should allow for a better understanding of its 

distribution and function. 



The other three reported ~a'-dependent nucleoside transporters are poorly 

characterized. The N4 transporter, which was isolated fiom renal bmsh border 

membranes, has been reported to have cit-like characteristics except for the fact that it is 

irhibited by guanosine (Griffith and Jarvis, 1996). The N5 transporter was isolated from 

human leukemic cells and appears to be guanosine selective and sensitive to NBMPR 

inhibition (Griffith and Jarvis, 1996). The N6 transporter has similar properties to the N5 

transporter except that it aliows permeation of adenosine analogues as well (Griffith and 

Jarvis, 1996). Therefore, if SNSTl is included, there are up to seven ~afsependen t  

transporters that have been reported, with Iittle h o w n  about the role each of these 

transporters play in extracellular adenosine regulation. 

The nucleoside transporters are an integral component involved in regulation of 

extracellular adenosine levels as these proteins can allow release and cellular uptake of 

adenosine. The primary role of the nucleoside transporters in regulation of extracellular 

adenosine derived f?om extracellular adenine nucleotides is to sequester adenosine from 

the interstitial spaces. The role of these transporters in release of adenosine per se is 

dependent upon the intracellular metabolic pathways regulating adenosine anabolism and 

catabolism. 

3.3 Adenosine Kinase 

Adenosine kinase (EC 2.7.1.20, ATP:adenosine Yphosphotransferase) is a ubiquitous 

enzyme in mammalian tissues. It is responsible for the phosphorylation of adenosine and 

related nucleosides and analogues to S'monophosphate nucleotides. Although ATP is 

typically considered the phosphate donor, a wide range of nucleoside triphosphates can 



act as the donor. In general, purine triphosphates are better phosphate donors than 

pyrimidine triphosphates, with GTP, dGTP, dATP and ITP being the best altemate 

phosphate donors (Schnebli et al., 1967). In addition, divalent cations are required for AK 

zctivity, with M ~ ' +  or CO'+ as the most widely accepted cofactors (Chang et al., 1980; 

Schnebli et al., 1967). 

3 -3.1 Purification and Molecular Biology 

The activity of this enzyme was initially discovered in yeast Sornberg and 

Pricer, 195 1) and subsequently in liver and kidney extracts (Caputto, 195 1). Mammalian 

AK was initially isolated from rat, human, mouse and rabbit tissues using ion-exchange 

chromatography or gel filtration and afnnity chromatographie techniques. The isolated 

protein Erom the different species is a monomeric protein with a molecular weight of 3 8- 

56 kDa (Kowaluk et al., 1998). The AK gene has been reported to reside on cliromosorne 

10 in humans and chromosome 14 in mice (Kowaluk et al., 1998). AK has been isolated 

fkom alrnost every human tissue (Andres and Fox, 1979). AK activity has been reported 

to have similar levels in liver, kidney, pancreas and brain fkom human autopsy specimens 

(Snyder and Lukey, 1982). The highest level of AK activity in rat brain appears to be in 

the olfactory bulb and cerebellum with the lowest activity present in the septum and 

postenor hypothalamus (Geiger et al., 1997). 

In 1996, AK research was enhanced markedly when three laboratones independently 

cloned human and rat AK (McNally et al., 1997; Singh et al., 1996; Spychala et al., 

1996). Two human AK cDNA clones were isolated by McNally et al; hAK-short and 

hAK-long (McNally et al., 1997). The hAK-short was nearly identical to the clones 





produced by Spychala et al and Sin& et al (Singh et al., 1996; Spychala et al., 1996). 

There was no apparent difference in the kinetics or regulation between the two hAK 

clones, indicating probable alternative splicing of a single transcriptional product 

(Spychala et al., 1996). The cloned hAK has 345 (hAK-short) or 361 (hAK-long) AAs 

with a corresponding protein size 38-7 or 40.5 D a ,  which corresponds to the size 

estimated fiom purified AK. The short and long clones of AK are believed to be a result 

of post-transcriptional or post-translational modifications (McNaIly et al,, 1997)- The 

cloning of AK has dernonstrated that AK is not related to other nucfeoside kinases due to 

its preference for 2'-nucleosides and the lack of a classical N-terminal P-loop motif, 

which fünctions in ATP or  GTP binding. The current hypothesis is that AK is derived 

from rnicrobial sugar kinases, which also lack the N-terminal P-loop and have high 

sequence homology with AK (Singh et al., 1996; Spychala et al., 1996). Thus, the cloning 

of AK has given researchers the ability to have a better understanding of AK at the 

molecular level especially with phamiacological interactions and endogenous regulation. 

3.3 -2 Endogenous Activity 

The kinetic mechanism by which adenosine kinase phosphorylates adenosine is 

uncertain. Two potential mechanisms have been proposed. An ordered Bi-Bi reaction, in 

which M ~ A T P ~ -  and adenosine bind to AK and the subsequent release of AMP and 

MgADP, is the more documented model. A ping-pong mechanism, with the production 

of a phosporolenzyme, has been proposed but no reports of the phosphorylated AK 

interrnediate have been documented. The possibility of AK isozymes has been proposed 



but there is little data to support this hypothesis (Kowaluk et al., 1998; McNally et al., 

1997). 

AK is a cytosolic enzyme that is regulated by nurnerous endogenous mechanisms 

(see fig 2).  AK, as opposed to ADA (see section 3.3), is regarded as a high affinity, low 

capacity enzyme. The affinity of mammalian AK for adenosine has been reported to 

range from 0.2 - 20 FM (Chang et al., 1980) with a Vm- ranging fiom 0.3 pmoVmin/mg 

prot (Chang et al., 1980) - 2.2 pmovmidmg prot (Miller and Adamczyk, 1979). The 

optimal activity of AK has been reported to occur between 1-10 times the Km of 

adenosine. Above these concentrations, adenosine produces substrate inhibition of AK 

activity. The biphasic effect of adenosine on AK activity is believed to be due to high and 

low affinity binding sites on AK for adenosine. The high affinity site is the catalytic site 

while the low affinity site is believed to be an inhibitory (regulatory) site (Geiger et al., 

1997), which may also be the ATP catalytic site. A large range of Km, Ki and V,,, values 

have been reported for AK activity, likely due to the complex regdation of AK by a 

number of endogenous factors, principally fiee Mg2', ATP, pH and Pi- 

Each of these is important in regulating AK activity, but pH is the rnost important 

factor in deterrnining the effects of M~~~ and ATP upon AK activity. The optimal pH for 

AK activity has been reported to be between 5.5-7.2. This large range is likely due to 

contamination of isolated hK with endogenous MgZf palella et al., 1980). A better 

estimate of the optimal pH is between 6.2-6.8. This is due to two factors. First, the true 

substrate for AK is M ~ A T P ~ - ,  rather than ATP. As the pK of the teminal phosphate 

group of ATP is 6.5, an increased proportion of ATP will be found as ATP~* as the pH 

dropç fkom physiological pH. Free bfg2+ cm then complex with ATP~- to fom M~ATP'-, 



the actual substrate for AK. in addition, it has been reported that decreasing the pH from 

7.4 to 6.2 decreases adenosine's Km and increases its Ki for AK (Maj et al., 2000). At pH 

between 5-6, AK activity is present and does not appear to be subject to inhibition by Bee 

Q2', ATP or adenosine. AK activity decreases appreciably as the pH increases above 

7.5. As cellular pH decreases, AK activity should increase due to increased levels of 

M ~ A T P ~ -  and increased affïnity for adenosine. 

The role of fkee M~~~ in regulating AK activity, as described above, is pH 

dependent and linked to ATP levels. When M ~ "  levels exceed available ATP~-, free 

M$ will result, which will potently inhibit AK. This may occur during conditions where 

ATP levels are depleted such as hypoxidischemia or metabolic poisoning. The ideal ratio 

of MGJ''/ATP b e l s  are approximately 0.5-1. If the ratio exceeds one, free M ~ ~ +  will 

inhibit AK activity. The role of ATP is similar to M ~ ~ ~ .  ATP or another purine 

nucleoside triphosphate is required for AK activity. However, if ATP, in the dissociated 

form ATP", is not complexed with M~'+, AK activity will be decreased. The inhibition 

of AK by free ATP is less pronounced than with fkee M~~~ and will occur at 

supraphysiological concentrations greater than 10- 15 M. 

In addition to pH, M~'+ and ATP, AIS is regulated by other cornmon endogenous 

compounds. Inorganic phosphate, which is nonnally found intracellularly below 1 rnM, 

has been reported to decrease adenosine's Km and increase its Ki for AK and increase the 

V,,, when Pi concentrations exceed 5mM (Maj et al., 2000). In addition to substrate 

inhibition, product inhibition by AMP and ADP also occurs. AMP produces cornpetitive 

(Ki = 240 FM) and non-cornpetitive (Ki = 500 FM) inhibition of AK activity while ADP 

produces non-cornpetitive inhibition (Ki = 11-500 FM) (Mimouni et al., 1994; Palella et 



al., 2 980). The adenosine polyphosphates, Ap4A and Ap5A, have been reported to inhibit 

AK activity, at concentrations between 30-75 nM (Delaney et al,, 1997; Rotllan and 

Miras Portugal, 1985; Schnebli et al., 1967). The glycolytic intermediate 2,3- 

bisphosphoglycerate, which also regulates other purinergic enzymes, has been reported to 

stimulate AK activity. 

Thus, AK activity is complex and highly regulated, likely a refiection of the 

important role of adenosine in cellular fùnction- Based on conventional views, AK is 

important in regulating adenosine levels during physiological conditions as basal cellular 

adenosine levels have been estimated to be close to the Km for AK. This has led to the 

hypothesis that inhibition of AK will lead to elevation of adenosine during physiological 

conditions but only when adenosine levels are below the Ki values of adenosine for AK. 

However, when adenosine levels are elevated, inhibition of AK with exogenous 

compounds has been hypothesized to have minimal effects on adenosine levels, as AK 

should be inhibited by substrate inhibition. An interesting phenornenon of unknown 

significance is the dynarnic flux between AMP and adenosine that is thought to involve 

AK and AMP-preferring S'nucleotidase. In some cells, it has been reported that AMP is 

constantly being dephosphorylated to adenosine, which is then rephosphorylated to AMP 

in a futile cycle (Bontemps et al., 1983). The importance of this cycle is unclear but it 

rnay be important in second to second regulation of adenosine, as AK activity is highly 

regulated by a multitude of endogenous factors. The role of each of these regulatory 

pathways in a more complex system must be determined. An important point to 

remember with al1 the AK data that was cited above is that this work was performed on 



isolated enzymes. Further research is needed to investigate the kinetics and regdation of 

AK in vitro and in vivo. 

3 -3.3 Pharmacological Regdation 

Based on the therapeutic potential of adenosine and the critical role of AK in 

repulating adenosine levels, it is not surpnsing that a vast arnount of research has gone 

into developing AK inhibitors. Two early reports screened an array of purine and 

pyrimidine nucleosides, which led to the discovery of the two most widely used AK 

inhibitors, 5 ' iodotubericidin (Henderson et al., 1972) and Samino-Y -deoxyadenosine 

(Miller et al., 1979). More recent research has investigated AK inhibitors that have high 

potency similar to ITU or NHzdAdo, but are not metabolized by AK or other enzymes 

and have increased cellular permeability and bioavailibility (Kowaluk et al., 1998). 

Researchers at Metabasis Therapeutics (previously Gensia-Sicor) and Abbott 

Laboratories have been and are currently developing analogues of ITU and NHzdAdo 

that have shown irz vitro and NI vivo efficacy against AK. An important point to 

remember with the AK inhibitors that have been developed is that these compounds are 

nucleoside analogues. Therefore, they may require similar transport mechanisms as 

adenosine and endogenous nucleosides for their ce11 permeability. AK inhibitors have 

been tested for potential therapeutic value in a number of CNS conditions. The rationale 

for using these compounds is site- and event-specific elevation of CNS adenosine levels, 

which should bypass the majority of side effects seen with using adenosine per se or 

adenosine receptor agonists. Site- and event-specific elevation of adenosine refers to the 

ability of these compounds to elevate adenosine levels in areas of the body where 



adenosine is being produced during specifïc conditions such as hypoxia or ischemia, but 

not in areas unaffected by the stimulus. AK inhibitors have been widely docurnented to 

produce analgesia in vivo, whether administered peripherally or spinally. AK inhibitors 

such as ITU and S'deoxy-ITU have proven effective in numerous pain paradigms of 

acute nociceptive pain, chemically induced pain and neuropathic pain (Kowaluk and 

Jarvis, 2000; Kowaluk et ai,, 1998). The effects of these AK inhibitors are blocked by 

adenosine receptor antagonists and have been mirnicked clinically using intrathecal 

adenosine administration. AK inhibitors have been reported to be effective anti- 

inflammatory agents in in vivo models of in£iammation (Kowaluk and Jarvis, 2000; 

Kowaluk et al., 1998). The anti-inflammatory effects are peripherally mediated. 

Adenosine has been widely reported to be an endogenous neuroprotective compound for 

seizure-induced and ischernic darnage. Thus, it is not surprising that AK inhibitors have 

been tested for anticonvulsant and anti-ischemic properties. Bicuculline metiodide-, 

PTZ- and maximal electroshock-induced seizures are effectively reduced by the 

administration of AK inhibitors (Ugarkar et al., 2000a; Ugarkar et al., 2000b; Wiesner et 

al., 1999; Zhang et al., 1993). in each of these studies, centrally acting adenosine 

receptor antagonists were able to block the effects of the AK inhibitors, indicating 

elevation of endogenous adenosine levels. Aithough AK has been conventionally viewed 

as important in regulating adenosine during basal conditions and less so during 

conditions of increased adenosine production, AK inhibitors have been reported as 

effective experirnental treatrnents for cerebral ischemia Adenosine levels increase during 

hypoxic/ischemic conditions in vitro and in vivo, due to increased ATP catabolism and/or 

decreased ATP anabolism. Based on the biphasic relationship of adenosine levels and 



AK activity, one would hypothesize that AK inhibitors would be ineffective at elevating 

adenosine levels during ischemic conditions, due to substrate inhibition of AK. However, 

AK inhibitors have been reported to decrease neuronal infarct size and neurological 

deficits in numerous cerebral ischemia models (Miller et al., 1996; Tatlisumak et al., 

1998). These effects may be species and mode1 dependent (Phillis and Smith-Barbour, 

1993). Thus, fùrther research is needed to determine the potential therapeutic value of 

AK inhibitors for cerebral ischemia. The use of AK inhibitors as analgesic, anti- 

inflamrnatory, anti-convuisants and anti-ischemic agents is continuing at both the basic 

and clinical levels. The first phase 1 clinical trial with an AK inhibitor is currently 

underway, and may provide insight into the feasibility and usefulness of these 

compounds clinically- 

3.4 Adenosine Deaminase 

Adenosine deaminase (ADA; adenosine aminohydrolase, EC 3 -5 -4.4) catalyses the 

irreversible dearnination of adenosine and deoxyadenosine producing ammonia and 

inosine or deoxyinosine, respectively. There are three principle foms of ADA; double 

stranded RNA ADA, tRNA ADA and fiee nucleoside ADA. For the purposes of this 

thesis, only the free nucleoside ADA will be discussed. The importance of ADA in 

humans is exemplified by conditions in which ADA activity is altered. in 1972, it was 

documented that near to complete loss of ADA activity is the cause of severe combined 

imrnunodeficiency (SCID) in 25% of cases (Giblett et al., 1972). Overproduction of ADA 

produces hemolytic anemia (Fox, 198 1). These syndromes demonstrate the importance of 

purine metabolism in man. 



ADA activity has been reported to be ubiquitous in mammalian tissues; however, 

there is a great degree of variability in the amount of activity in various tissues. The 

thymus, spleen and GI tract have been reported to have the highest activities whîle much 

lower levels are found in kidney, lung and CNS tissues (Van der Weyden and Kelley, 

1976). ADA activity has been reported to be present in al1 areas of the brain with the 

highest activities found in the hypothalamus and olfactory bulb while the lowest are in 

the hippocampus and strïaturn (Geiger and Nagy, 1986). There appears to be a difference 

in the cellular localization of ADA activity in the brain as astrocytes have -10 fold higher 

ADA activity than neurons (CebalIos et al., 1994). Thus, the control of endogenous 

adenosine may be dependent upon the cellular and regional differences in ADA. 

3 -4.1 Purification and Molecular Biology 

Gy6rgy and R~thler, who reported the production of ammonia and inosine £kom 

adenosine, initially discovered ADA activity in 1927. Soon after the specificity of ADA 

for adenosine and purine nucleosides was described (Schmidt, 1932). Early studies 

demonstrated multiple forms of ADA when ion exchange chromatography, starch gel 

electrophoresis or gel filtration were used to punfy ADA. Three ADA isoforms have 

been descnbed; ADArA, ADAlc and ADA2. ADAlc is the enzyme that has best been 

charactenzed and is involved in the development of SCID. ADAic is a monomeric 

protein with a MW of 30-47 kDa (Van der Weyden and Kelley, 1976) while ADAi A has a 

MW of 230-440 kDa and is forrned by a dirner of ADAic complexed with an ADA 

binding protein. Although unclear at present, several roles have been proposed for the 

ADA binding protein including regulator of ADAlc activity, ADAic ce11 surface receptor, 



and anchor for ADAlc in the extracellular space (Schrader et al., 1990). As there are no 

differences in the kinetics between ADAIA and ADAic, it is unlikely that the ADA 

binding protein is involved directly in regulation of ADA activity. For this thesis, ADAI 

wiIl reflect NIArA and ADAI=. Unlike ADAI, ADAz has been poorly characterked. It is 

a separate gene product that encodes for a protein that has a MW of 100-1 10 kDa. 

AIthough ADAic makes up >95% of the body's totai ADA activity, ADAz is the 

predominant ADA in s e m  and plasma. Interestingly, ADA2 levels are significantly 

increased in HIV-infected individuais, a phenornenon of unknown importance (Franco et 

al., 1998). 

The understanding of ADA's role in physiological and pathophysiological 

situations was enhanced by the cloning of ADA1 fiom human and rodent tissues in the 

mid 1980s (Adrian et al., 1984; Daddona et al., 1984; Hunt and Hoffee, 1983; Orkin et 

al., 1983; Wiginton et al., 1983). The cloned ADAl is - 4lkDa made of 363 arnino acids 

that has a high degree of sequence conservation between species (Franco et al., 1998). 

The gene has been localized to the long ann of chromosome 20 in humans, precisely at 

band 20q13.11. The ADAl promoter sequence lacks a conventional TATA or CAAT box, 

possibly indicating a 'housekeeping' role for ADAI in cellular activities (Valerio et al., 

1985). The three-dimensional structure of ADAi was discovered in 199 1 (Wilson and 

Quiocho, 1993; Wilson et al., 1991). This molecular information has helped ADAi and 

purine research and allowed the human gene therapy trials with recombinant human ADA 

for SCID patients. 



3.4.2 Endogenous activity 

As indicated in section 3.2.2.2, ADAI is a low, affinity high capacity enzyme. The 

Km of ADAi for adenosine has been reported in the range of 17 - 100 pM in human and 

rat tissues with the rnajority of studies indicating 40 - 50 pM. The V,, of ADAI is 2- 177 

times higher than that of AK (Geiger and Nagy, 1990). Based on the kinetic properties, it 

has long been hypothesized that if AK and ADAl are present in one cell, AK will be 

more important in adenosine metabolism during physiological conditions because of its 

higher affinity for adenosine. Under pathophysiological conditions, ADAL would 

predorninantly metabolize adenosine due to the substrate inhibition of AK and the 

adenosine concentrations that approach ADAI'S Km for adenosine. This hypothesis has 

led to the development of ADAl inhibitors to maintain adenosine levels in conditions 

where endogenous adenosine levels are elevated. 

In coutrast to AK activity, ADAI activity does not appear to be highly regulated 

by endogenous factors. Despite extensive studies, few endogenous regulators have been 

reported (Arch and Newsholme, 1978). The optimum pH for the ADAi isoform is 7.0 - 

7.1 while ADAz is approximately 5.5 (Van der Weyden and Kelley, 1976). ADAi is 

subject to product inhibition by inosine (Ki 60-153 uM) (Centelles et al., 1988; Fox and 

Kelley, 1978) as well as the purines hypoxanthine (Ki = 41 0 PM) and guanosine (Ki = 

190 PM) (Centelles et al., 1988). The lack of endogenous regulation may also point to a 

ro le of AD Al as a "housekeeping" gene in mammalian cells. 



3.4.3 Pharmacological Regulation 

The pharmacological knowledge about ADAi has been widely investigated due 

not oniy to the over- and underproduction of ADAr in genetic conditions but also ADA's 

importance in the metabolism of chemotherapeutic antiparasitic, antitumor and antiviral 

agents (Aganval et al., 1978; Cohen, 1985). Two of the most widely used ADA, 

inliibi tors are deoxyco fomycin @CF; pentostatinB) and erythro-9-(2-hydroxy-3 -nony 1) 

adenine (EHNA). DCF is a non-cornpetitive, tight binding, almost irreversible transition 

stôte inhibitor of ADAI, with a Ki in the picomolar range (Klohs and Kraker, 1992). 

Attempts have been made to develop stereoisomers of DCF, however alterations to the 

molecule have decreased ADA, inhibition (Montgomery et al., 1985; Schrarnm and 

Baker, 1985). EHNA is a competitive, weakly binding inhibitor of ADAI (Skolnick et al., 

1978) which has a Ki in the low nanomolar range. UnLike DCF, analogues of EHNA have 

been developed which increase the affinity and alter the enzyme binding properties 

(Antonini et al., 1984; Barankiewicz et al., 1997; Harriman et al., 1992). DCF has been 

used clinically to treat hairy ce11 leukemia and has been hypothesized to be an effective 

treatment for other cancers (Klohs and Kraker, 1992). For CNS disorders, neither DCF 

nor EHNA are used clinically but in vivo studies have dernonstrated possible clinical 

utility for strokes or seizures. DCF has been reported to decrease neuronal darnage in rats 

during hypoxiahchemia via increased adenosine production (Gidday et al., 1995; Lin 

and Phillis, 1 992; Phillis and O'Regan, 1989). Sirnilar results have been reported for 

EHNA with in vitro but not in vivo studies (Barankiewicz et al., 1997). Administration of 

DCF has also been reported to protect against bicuculline-methiodide induced seizures 

(Zhang et al., 1993). Unlike AK inhibitors, DCF or EHNA have not been reported to be 



effective anti-inflammatory or anti-nociceptive agents in vivo (Geiger et al., 1997). The 

development of reversible, potent and selective ADAi inhibitors (Bararkiewicz et al., 

2997) that are BBB permeable (Mendelson et al., 1983) may have a future as ischemic or 

convulsant therapies, 

3.5 Cytosolic S9Nucleotidase 

5 'nucleotidase (EC 3.1 -3 -5) catalyzes the hydrolysis of a phosphate group from the 

ribose and deoxyribose moieties of nucleotides. The activity of this enzyme was first 

documented approxirnately 65 years ago (Reis, 1934). Three isoforms of this enzyme 

have been cloned; c-N-I and c-N-II (cytosolic S'nucleotidase 1 and II; see section 3.4.1 

m d  3 -4.2) and e-N (extracellular S'nucleotidase; see section 3.1 -2.1). In addition, there 

have been numerous reports of soluble cytosolic forms of e-N, regarded as e-N-s, which 

is found intracellularly. Each of these isofoms predominantly metabolizes nucleoside 

S'monophosphates. In addition, these enzymes are also capable of metabolizing 

nucleotides and complex nucleotides such as NAD with varying affinities and capacities. 

The cytosolic S'NTases, c-N-1 and c-N-II, are thought to be important for the metabolism 

of intracellular AMP and IMP, respectively. 

3 -5.1 5' AMP-preferring S'nucleotidase 

S'AMP-prefemng S'nucleotidase (c-N-1; EC 3.1.3.5) dephosphorylates AMP to 

adenosine and fiee phosphate. c-N-1 preferentially metabolizes AMP over IMP or GMP, 

with Km values for AMP between 2-8 rnM. Although c-N-1 is conventionally regarded as 

the most important enzyme in production of adenosine, little is known about the enzyme, 



its biochemical properties or its distribution. Until recently, c-N-1 has only been reported 

in vertebrate cardiac tissue. It is hypothesized that when ATP levels are depleted, 

adenosine levels rise intracellularly through increased metabolism of AMP via c-N-1, 

which can then be released £kom cells. There is evidence to support increased 

extrace1luIa.r adenosine during ATP-depleted conditions but until recently the role of c-hr- 

1 was elusive. 

3.5.1.1 Molecular Biology and Purification 

A S'NTase that preferentially metabolized AMP over LMP was originally 

described in pigeon hearts (Gibson and Drumxnond, 1972). It was purified from pigeon 

heart by Newby in 1988 (Newby, 1988) and subsequently fiom rabbit, canine, rodent and 

human hearts. The native protein, when purified using (N&)2S04 precipitafion, 

phosphocellulose chromatography and high performance gel filtration, is approximately 

150 kDa (Skladanowski and Newby, 1990). When the isolated protein is run on SDS- 

PAGE, 40 kDa bands are obtained, indicating the native protein is a tetramer. in 1999, c- 

N-1 was cloned from pigeon heart (Sala-Newby et al., 1999) and recently cloned frorn 

human heart (Hunsucker et al., 2000). The cloned e-N-1 had an opzn reading frame that 

codes for 358 AAs yielding a protein of 39.5 kDa. The cloned c-N-I has no sequence 

homology to the previously published sequences of e-N or c-N-II. Northem blot analysis 

of pigeon and human tissues dernonstrated high mRNA expression of c-N-I in the 

oxidative cardiac and skeletal muscle tissues, and lower levels in total brain. No mRNA 

was detected in kidney, blood vesse1 or liver samples. The cloning of c-N-1 should enable 

further insight into the role of c-N-I in adenosine regdation. 



3 -5 - 1 -2 Endogenous Activity 

Based on the lack of molecular similarity, it is not surprising that the kinetic 

properties of c-N-1 are different than e-N or c-N-II. ADP (at concentrations >10 PM) is a 

potent activator of c-N-1 activity by increasing the affinity for AMP and increasing the 

V,,. The increased affinity for AMP is very important as AMP can be metabolized a? 

concentrations less than 1 mM. ATP has no significant effect on c-N-1 activity. Free M ~ "  

is an absolute requirement for c-N-1 activity. Magnesium is capable of increasing e-N-1 

activity when M~~~ levels are >l mM and ADP level are <5 pM (Yamazaki et al., 199 1) 

but when M~~~ levels are >10 mM it is inhibitory (Skladanowski and Newby, 1990). 

Although consensus does not exist, the majority of studies indicate that the optimum pH 

is between 6.8-7.8 (Darvish and Metting, 1993; Plagemann et al., 1988; Skladanowski 

and Newby, 1990; Yarnazaki et al., 1991). Below pH of 6.8, there is a total loss of 

activity when the isolated protein is assayed. 

Identification of the role of c-N-1 in endogenous adenosine production is 

hampered by the fact that it has only been isolated fiom cardiac tissue. The lack of 

enzyme purification from tissues other than the heart does not support the conventional 

view that c-N-I is responsible for intracellular adenosine production during ATP- 

depleting conditions. However, the transfection of cells with c-N-1 directly demonstrates 

adenosine release mediated by c-N-1 during ATP-depletion (Sala-Newby et al., 2000). 

The hypothesis that c-N-1 is important for hypoxic increases in adenosine production are 

supported by the increases in AMP, ADP and M~*'  during ATP-depleting conditions. 

This should increase the activity of c-N-I based on the properties of the isolated enzyme. 

As i~hibition of e-N does not decrease, while nucleoside transport inhibitors will 



decrease, extracellular adenosine release during hypoxic-like conditions, evidence 

supports an htracellular mechanism of adenosine production. The lack of selective, ce11 

permeable inhibitors of c-N-I limits the conclusions that can be made regarding the role 

of c-N-1 in adenosine production. In addition, the lack of knowledge of c-N-1 in non- 

cardiac tissues raises m e r  questions about the role of c-N-1. The recent cloning of c-N- 

1 should enable researchers to gain a better understanding of its role in CNS adenosine 

replation. 

3 -5.1 -3 Pharmacologicai Regdation 

As stated above, there are no available potent, selective and ce11 permeable c-N-I 

inhibitors. Researchers at GlaxoWellcome have reported an inhibitor based on 5-ethynyl- 

2',3'-dideoxyuridine (Garvey and Prus, 1999) but this compound has not been made 

available to basic researchers (Garvey, persona1 communication). Attempts have been 

made to use high concentrations of dideoxythymdine or pentoxifylline (Bolling et al., 

1992) to inhibit c-N-1 but the selectivity of these compounds is a major concem. 5'- 

deoxy-5'-isobutylthioadenosine (IBTA) has been used to inhibit c-N-1 but it is ako an 

inhibitor of c-N-II (Skladanowski and Newby, 1990). To gain a better understanding of c- 

N-1's role in adenosine production, pharmacological inhibitors need to be developed. 

3 -5 -2 5 ' IMP-pre ferring 5 'nucleotidase 

iMP-prefemng S'NTase (c-N-Iï) metabolizes IMP or GMP preferentially to 

AMP, to produce inosine or guanosine. The phosphate removed fiom the IMP or GMP 

cm either be released as fiee phosphate or can be added to a nucleoside such as inosine 



or guanosine. The definition of c-N-II as a S'nucleotidaselphosp hotrans feraçe is based on 

this property. Although c-N-II preferentially metabolizes IMP, it is capable of 

metabolizing AMP at low rnillimolar concentrations, levels that are similar to c-N-1. 

Thus, there is a potential role for c-N-II in the production of adenosine. 

3 S.2.l Molecular Biology and Purification 

c-N-II has been purified fiom a number of species using gel filtration. The native 

enzyme has an apparent molecular mass of 200-265 kDa (Itoh et al,, 1992; Itoh and 

Yamada, 1990; Pinto et al., 1987). Similar to c-N-1, SDS-PAGE produces subunits of 5 1 - 

70 kDa, thereby predicting a homo-tetramer formation. Enzyme activity has been 

reported to be ubiquitous, however with varying levels of activity between tissues. The 

enzyme has the highest tevel in tissues having hi& levels of RNA and DNA turnover. 

The highest levels are seen in the testis, spleen and lymphocytes while skeletal muscle 

and erythrocytes have very low levels. In the brain, c-N-II has been demonstrated 

(Marques et al., 1998; Torrecilla et al., 2001), however there have been no reports of 

regional differences in activity. c-N-II has been cloned from human, chicken and bovine 

tissues (Allegrini et al., 1997; Oka et al., 1994). The human clone encodes for 561 AAs, 

which produces a protein of 65 D a .  There is a high degree of sequence similarity 

between the three clones. Northern blot analysis of human tissues supports the activity 

studies that indicate ubiquitous but varying levels of expression (Aliegrini et al., 1997). 

The cloning of c-N-II has enabled researchers the opportunity to better understand c-N- 

II's role in purine homeostasis. 



3.5.2.2 Endogenous Activity 

Under optimal conditions, c-N-II has apparent Km values of 0.1-0.6 and 1 - 15 rnM 

for rPviP and AMP, respectively (Zimmermann, 1992). Unlike e-N or c-N-1, c-N-II 

activity is increased by millimolar concentrations of ATP and ADP, by increasing the 

affinity for its substrates and increasing the enzyme's maximal capacity. This includes 

increased affinity of c-N-II for AMP. Thus, under the ideal conditions, c-N-II may be 

involved in adenosine production. As with c-N-1, M~~~ is required for enzyme activity. in 

addition to ATP, ADP and M ~ ~ + ,  c-N-KI activity is determined by a nurnber of 

endogenous regulators. When fiee phosphate levels increase above 5 rnM, the affinity of 

c-N-II for IMP and AMP decreases. Sirnilar to AK, free phosphate and ATP have 

opposinj effects on the enzyme activity, indicating a possible regulatory mechanisrn for 

determining pathways of purine metabolism. The glycolytic intemediate 2,3-BPG 

(Bontemps et al., 1989; Pesi et al., 1996; Tozzi et al., 1991) and diadenosine 

polyphosphates (Marques et al., 1998; Pinto et al., 1986) are potent stimulators of c-N-II 

activity and may have additive effects with ATP or -ADP. The effect of pH on c-N-II is 

seen on two levels. The pH spectrum of c-N-II nucleotidase activity is maximal behveen 

6-7 while the phosphotransferase activity of c-N-II is maximal at 7.4. The 

phosphotransferase activity of c-N-II was initially reported in 1982, while attempting to 

determine the apparent inhibitory properties of inosine on c-N-II activity (Worku and 

Newby, 1982). It has since been widely documented that c-N-II has phosphotransferase 

activity (Baiocchi et al., 1996; Pesi et al., 1994; Tozzi et al., 199 l), which is the 

predominant activity during physiological conditions (Pesi et al., 1994). A 



phosphorylated c-N-II has been isolated that is capable of either releasing fkee phosphate 

or phosphorylating a phosphate group to inosine, guanosine and poorly to adenosine. 

At present evidence does not support a major role of c-N-II in the regulation of 

adenosine levels based on in vitro experiments. However, c-N-II can not be overlooked 

as it can metabolize AMP and adenosine, it is subject to endogenous regulation and the 

role of c-N-1 has been poorly characterized. 

3 S.2.3 Pharmacological Regulation 

Sirnilar to c-N-1, there are no potent and selective inhibitors for c-N-II currently 

available. LBTA has been reported to be a selective inhibitor of c-N-II but it also inhibits 

c-N-1 (Meghji et al., 1993; Skladanowski et al., 1989). Through the use of c-N-1 and c- 

N-11 transfected cells (Sala-Newby et al., 2000), it has been reported that c-N-II is not 

involved in adenosine production during certain paradigms. However, the role of 

endogenous c-N-II in vivo will not be known until selective and potent inhibitors of this 

enzyme are available. 

3.6 Other Intraceliular Metabolic Pathways 

Although the majority of research indicates that AIS, ADA and S'nucleotidases 

are the most important regulators of adenosine levels in the CNS, a number of other 

enzymatic pathways may also be important in the overall regulation of adenosine levels. 

S-adenosyl homocysteine hydrolase @C 3.3.1.1, SAHH) is an enzyme capable of the 

reversible cleavage of s-adenosyl homocysteine into adenosine and homocysteine. 

Although S A H H  appears to be important in the regulation of adenosine levels in the 



heart, liver and kidneys, SAHH has been reported to have a limited role in the regulation 

of CNS adenosine levels. Despite the wide distribution of SAHH in the CNS, low 

intracellular homocysteine levels limit metaboiism of adenosine via S m .  Adenosine 

does not appear to be produced fkom s-adenosylhomocysteine dwing conditions that 

stimulate adenosine production. Aithough Little evidence exists to support a major role of 

S A H H  in the regulation of CNS adenosine, it could potentially be important in adenosine 

met abolism when CNS homocysteine levels are elevated, such as during alcoho lism 

(Bleich et al., 2000a; Bleich et al., 2000b),vitamin Biz deficiency (Penix, 1998) or 

patients suffering from homocystinuria or at high nsk of vascular disease and stroke 

(Lipton et al., 1997). 

AMP deaminase (AMPDA, EC 3.5.4.6; a.k.a. adenylate deaminase) catalyzes the 

dearnination of AMP producing IMP and ammonia. Although not directly involved in 

adenosine production, AMPDA is important in determinhg the levels of S'AMP that are 

present in cells. When c-N-1 and AMPDA are present in the sarne cell, the kinetic 

properties and endogenous regulators of each enzyme will determine whether adenosine 

or IMP will be predominantly formed from AMP. It has been reported that inhibition of 

AMPDA can Iead to enhanced cellular adenine nucleotide levels and release of adenosine 

during hypoxic situations (Bookser et al., 2000a; Bookser et al., 2000b). Therefore, 

AMPDA is an important enzyme in the overall determination of adenosine levels, 

especially when AMP levels are elevated. 

Purine nucleoside phosphorylase (PNP, EC ) reversibly catalyzes the phosphorolysis 

of inosine to its fi-ee base hypoxanthine and ribose-1-phosphate (Moms and 

Montgomery, 1998). The importance of this enzyme to adenosine levels is that it 



metabolizes inosine, which acts both as an inhibitor of ADAl and wi11 be a cornpetitive 

inhibitor of equilibrative adenosine transport. As inosine is predominantly metabolized 

by PNP, PNP activity allows production of hypoxanthine, which can be salvaged into 

IMP via HGPRT. As PNP has been reported predominantly in astrocytes (Castellano et 

A., 1990; Van Reempts et al., 1988), this may indicate a role for the regulation of 

adenosine levels in astrocytic cells. Although S A H H ,  AMPDA and PNP have not been 

shown to directly regulate CNS adenosine levels, it is probable that these enzymes are 

important in the global regulation of brain adenosine. 

3.7 Adenosioe Transport Across the Blood-Brain Barrier 

The function of the BBB is to restrict the movement of compounds into and out of 

the brain parenchyrna. This is maintained by tight cellular junctions between the 

endothelial cells of the BBB and the selective transporter systems these cells express. 

During physiological conditions, the integrity of the BBB maintains control over the flux 

of metabolites, ions and other compounds fiom the blood into the brain interstitial spaces 

and vice versa. However, during pathophysiological conditions such as ischemia and 

reperfùsion, the penneability of the BBB has been reported to increase dramatically 

(Abbott, 2000; del Zoppo and Hallenbeck, 2000). Although not widely investigated, the 

BBB rnay play a role in regulating interstitial adenosine levels. This may be important in 

the rapid decrease in extracellular adenosine levels during reperfbion as there are high 

levels of adenosine in the parenchyrna, the BBB integrity is decreased and blood flow is 

re-initiated. The BBB may also play a role in regulating basal adenosine levels as the 



nucleoside transport inhibitor DPR, which does not cross the BBB, has been 

hypothesized to increase interstitial adenosine levels, 

4.0 Investigating the Regulation of Extracellular Adenosine 

Al1 of the enzymes and transporters described above detail the levels of 

complexity in regulation of adenosine levels. In order to gain a better understanding of 

how each of these pathways is involved, in vitro assays are often used. These involve 

basic monocultures and rnixed ce11 cultures as well as in situ tissue slice models- These 

models allow, with the use of  selective enzyme and transport inhibitors, the dissection of 

the role of each pathway in regulating extracellular adenosine levels. Two basic types of 

studies are conducted; influx and e a u x  studies. As the source and mechanism of 

extracellular adenosine in the C N S  is poorly characterized, these studies using ce11 

culture models provide an initial starting point for understanding how adenosine is 

produced in physiological and pathophysiological conditions in the brain. 

4.1 Adenosine uptake 

A precise definition of adenosine "uptake" is the net result of inward transport 

across the plasma membrane followed by intracellular metabolism. In contrast, transport 

or influx studies represent the influx of substrate in its unmetabolized form across the 

plasma membrane by a specific transport or facilitated mechanism. This distinction has 

not always been recognized, thus, many publications purport to charactenze adenosine 

transport but in fact describe adenosine uptake. 

With respect to adenosine, distinguishing between transport and uptake is diffcult 

because of the high affinity of AK. For cells that express equilibrative transporters as 



their only nuceloside transporter, three techniques have been used to shidy transport per 

se. Initial rates of transport are often used to measure [3~]adenosine influx at short time 

intervals ( te l  5s). This method limits the role of intracellular metabolism and, thus, the 

kinetics more closely represent those of the transporter for adenosine. The Limitation of 

this technique is intracellular metabolism may still be extensive in short time penods and 

the signal to noise ratio may be low if transporter expression or activity is low. The 

second method involves in made no sine uptake in the presence of inhibitors of AK and 

ADAl to limit intracellular metabolism. The concem with these studies is that AK and 

ADA! inhibitors may directly interact with nucleoside transporters. The h a 1  method 

involves the use of poorly metabolized nucleoside transporter penneants such as 

su  lu ri di ne or [3~]formycin B (FB). This typically removes the contribution of 

intracellular metabolism but it does not address the questions regarding the kinetics of 

adenosine transport per se. 

Uptake studies have their uses, for example to explore intracellular metabolism of 

adenosine. These studies cm give information into whether transport or intracellular 

metabolism is the rate-limiting factor and whether AK or ADA, is more important in 

intracellular metabolism of adenosine in specific cells or during specific ce11 treatrnents. 

4.2 Adenosine Release 

Although not as precisely dehed ,  release is the opposite of uptake and, thus, 

encompasses both adenosine formation and transport across plasma membranes. As 

discussed previously, adenosine release can be by two distinct pathways, release of 



adenine nucleotides that are subsequently metabolized to adenosine e>:tracellularly or 

intracellular formation of adenosine followed by its transporter-mediated cellular efflux. 

Adenosine derived fiom ATP or other nucleotides released into the extracellular 

environment has been reported using numerous protocols including hypo-osmotic shock 

(Roman et al., 1999; Wang et al., 1996), physical stimulation of cells, glutamate receptor 

activation (Queiroz et al., 1997), and increased intracellular CAMP. Ce11 culture models 

may document the release of adenine nucleotides but this does not demonstrate the site of 

adenosine production as not al1 cells have the ability to metabolize extracellular 

nucleotides to adenosine. 

Adenosine release has been investigated using three principle methods. The first 

involves utilization of techniques used for influx studies (Femandez-Rivera-Rio and 

Gonzalez-Garcia, 1985). Cells can be loaded with [.'~]adenosine in the presence of AK 

and ADAl inhibitors. The cells are then washed and placed into buffer not containing 

tritium in order to initiate zero-tram efflux. The benefit of these studies is that the 

kinetics of adenosine release via the nucleoside transporter is exarnined. However, 

similar to influx studies, these studies are limited by potential interaction of the enzyme 

inhibitors with the transporters. The poorly metabolized nucleoside [)H]FB can be used 

for release studies but this provides limited information about adenosine release (Gu et 

al., 1995). The second method involves receptor-mediated or activity-mediated adenosine 

release. Activation of NMDA (Craig et al., 1994; Craig and White, 1993; White, 1 996), 

non-NMDA (Craig and White, 1993; White, 1996), opioid (Phillis et al., 1980), and 

serotonin receptors has been reported to stimulate adenosine release fiom in vitro neuron 

and astrocyte models. In addition, depolarkation of cells with electrical (Lloyd et al., 



1993; Maire et al., 1984) or high K+ stimulation (Philibert and Dutton, 1989) has been 

shown to elevate extracellular adenosine levels. The mechanism b y which adenosine 

levels are elevated by receptor- or activity-mediated effects has been poorly 

characterized. The final protocol involves stimulation of adenosine release by ATP 

depletion. Due to the proposed correlation behiveen decreased cellular ATP levels during 

cerebral or cardiac ischemia and increased adenosine levels, the use of ischemic-like 

conditions in in vitro assays has been widely used. These studies often involve loading 

cells with [3~]adenosïne or ['wadenine to produce an intracellular pool of radiolabeled 

adenine nucleotides. Both of these techniques produce >90 % of total intracellular tritium 

present as adenine nucleotide. It has been well documented that the use of tritium loaded 

celis to rneasure [3~]adenosine and [.'HJpurine release by TLC and scintillation 

spectroscopy produces similar results to non-radiolabeled experiments assessed by 

HPLC. Loading of cells with [3~]adenine is preferred to [3~]adenosine in order to avoid 

any autoregulatory effects of adenosine receptor activation. However, this relies on 

[)~]adenine influx through nucleobase transporters, which are poorly characterized. 

The conditions that are ofien used to deplete cellular ATP are hypoxia-hypoglycemia, or 

inhibition of glycolysis anaor oxidative phosphorylation. As hypoxic-ischemic 

conditions such as a stroke are a clinical condition of interest for elevation of endogenous 

adenosine levels, hypoxic ce11 culture models have been used to investigate regdation of 

adenosine levels in vitro. In buffer lacking glucose and depleted of Oz (bubbled with Nz), 

adenosine release has been reported fiom a nuniber of cardiac ce11 culture systems 

@ecking et al., 1997a; He et al., 1992; Meghji et al., 1985; Newby et al., 1983) and brain 

slice models (Doolette, 1997; Fowler, 1993; Fredholm et al., 1984; Wallman-Johansson 



and Fredholm, 1994). Adenosine release has also been documented fiom hypoxia-treated 

neuronal (Lobner and Choi, 1994; Lynch et al., 1998; Meghji et al., 1989) and astrocytic 

cultures (Ciccarelli et al., 1999; Meghji et al., 1989), although the mechanism by which 

astrocytes release adenosine remains in question. The problem with hypoxia-treated cells 

with regards to extracellular adenosine release in vitro is the length of thne required for 

ATP levels to decrease (>l hr), which, when compared to the short half-life of adenosine, 

makes it hard to know minute-to-minute changes in extracellular adenosine levels. Thus, 

researchers have ofien used conditions that decrease cellular ATP levels more rapidly. 

This is done with inhibitors of glycolysis or oxidative phosphorylation. As not every ce11 

type responds to each stimulus sunilarly, there is not a gold standard way of depleting 

ATP, 

Cells that rely on glycolysis for energy charge are susceptible to glycolytic 

inhibitors. Eodoacetate (MA) inhibits glyceraldehyde-3-phosphate dehydrogenase, a 

critical step in the glycolytic pathway (Sabri and Ochs, 1971) (see fig 4). Deoxyglucose 

(DOG) inhibits glycolysis by competing with glucose metabolism by hexokinase. 

Although capable of decreasing ATP, care must be taken when these compounds are used 

Tor investigating [ ' ~ l ~ u r i n e  release as IAA and DOG decrease cellular levels of 1,3-BPG 

(Zoref-Shani et al., 1988) and Pi (Chen and Gueron, 1996; Chen et al., 1996), 

respectively, which are regulators of intracellular purine metabolism (see table 2).  

Inhibition of oxidative phosphorylation c m  be done with a number of compounds 

that interact with the electron transport chah (see fig 4). Dinitrophenol @NP) uncouples 

the electron transport chain by removing the El? gradient across the inner mitochondrial 

membrane (IMM). Rotenone decreases the proton gradient by decreasing the NADH 



hydrogenase activity in complex 1 of the electron transport c h a h  Carboxin blocks 

complex II by inhibiting FADHz reduction and stops electron transport to complex m. 

Antimycin A inhibits complex III and inhibits cytochrome C acceptance of electrons. 

Cyanide and azide bind to reduced cytochrome C at complex IV, thereby inhibiting 

electron transfer to oxygen. Cyanide treatment has been widely used as "chemical 

hypoxia" (Goldberg and Choi, 1993; Goldberg et al., 1987) as its effects are believed to 

be the closest to hypoxia based on the site of action in the electron transport chain and its 

interactions with heme proteins (Bunn and Poyton, 1996; Chandel and Schumacker, 

2000; Semenza, 1999). Although each of these mitochondrial toxins should deplete 

cellular ATP levels and increase purine release, differences have been reported in how 

4 1 s  respond to the different inhibitors with regards to ATP depletion and adenosine 

release (Doolette, 1997). 



Figure 4: Mechanisms of ATP depletion 

Glucose ,+b Glueose-6-P - Fructose-6-P 

PGAL 4 b DHAP 

IMM-imer mitochondrial membrane; OMM-outer mitochondrial membrane; 
BPG- bisp hosphoglycerate; PG- phosphoglycerate; PEP- phosphoenolp yruvate 



5.0 Hypotheses 

The purpose of this thesis work was to gain a better understanding of how 

extracellular adenosine levels are reguiated by different nucleoside transporters and 

metabolic enzymes in vitro. 

1. Recent in vivo studies have demonstrated that i.p. administration of NBMPR during 

cerebral ischemia is able to decrease neuronal damage (Parkinson, unpiblished data). 

As NBMPR poorly crosses the BBB (Anderson et al., 1996a), the site of action would 

appear to be on the lumenal side of the BBB. In addition, i-p. administration of DPR, 

which does not cross the BBB (SolIevi et ai., 1983), increases adenosine levels in rat 

brain during hypoxia/repefision (Phillis et al., 1989). Thus, I investigated the effects 

of nucleoside transport inhibition on adenosine permeation of a physiological BBB 

model. 

Hypothesis: Administration of DPR to the lumenal cornpartment of a dynamic irt 

vitro blood brain barrier model will inhibit bidirectional adenosine permeation 

of this system. 

2. Activation of G-protein coupled serotonin, glutamate and norepinephrine receptors 

has been demonstrated to have an autoregulatory effect on the levels of serotonin, 

glutamate and norepinephrine, respectively. Activation of adenosine receptors has 

been reported to increase adenosine uptake in bovine adrenal chromaffin cells 

(Delicado et al., 1990). 1 was interested in deteminhg if similar effects are seen with 

adenosine release and whether transporters or metabolic enzymes may be involved. 



Hypothesis: Activation of adenosine receptors in DDT1 MF02 hamster smooth 

muscle cells during ATP-depleting conditions will decrease the total release of 

adenosine. 

3. Adenosine kinase inhibitors such as ITU or NHzdAdo are adenosine analogues that 

competitively inhibit AK activity. It has been previously reported that these 

compounds are potent inhibitors of isolated AK while AK inhibition in whole cells is 

l e s  conclusive. Based on the structural sirnilarity behiveen the AK inhibitors and 

adenosine, 1 investigated whether the expression of different nucleoside transporters 

would affect the ability of ITU or N H m o  to inhibit AK in whole ce11 preparations. 

Hypothesis: Expression of rENTl nucleoside transporters but not rCNT2 will 

produce inhibition of adenosine uptake by adenosine kinase inhibitors in rat Cd 

glioma cells. 

4. The release of adenosine fiom cells expressing the es nucleoside transporter has been 

dernonstrated in various ce11 types during ATP-depleting conditions. The role of the 

ei transporter in adenosine release has not been dernonstrated during similar 

conditions. The rat C6 glioma ce11 Iine possesses predorninantly ei nucleoside 

transport and 1 was interested in the rnechanisrns of adenosine release fiom these 

cells. 

Hypothesis: ATP-depletion with sodium cyanide and iodoacetate will induce the 

release of adenosine from rat C6 glioma cells through ei nucleoside transporters. 

5.  From the previous study, the question arose: was the lack of adenosine release due to 

the ce11 type used (Le. twnor ce11 line, incapable of adenine nucleotide release) or do 

"normal" cells respond in a similar manner? 1 was interested in detennining which 



purines are released nom primary newons and astrocytes exposed to ATP-dep leting 

conditions. 

Hypothesis : Hypoxia, inhibition of glycolysis or inhibition of oxidative 

phosphorylation will produce the rekase of adenosine from rat primary cortical 

neurons and the reiease of  inosine and hypoxanthime from rat primary cortical 

astrocytes. 

These projects will be addressed in the five subsequent chapters with a description 

of the backgroundrationale, materials/methods, results and relevant discussion for each 

of the projects. Overall conclusions of the thesis will be discussed in relation to the 

purinergic field in Chapter 7. 



Chapter 2: Adenosine permeation of a dynamic in vitro blood-brain 
barrier inhibited by dipyridamole. 

Published in Brain Research (Sinclair et al., 200 1) 



Abstract 

Adenosine is an uihibitory neuromodulator in the central nervous system and has 

been reported to have neuroprotective properties. Using a dynamic in vitro blood-brain 

banier, we tested the hypothesis that inhibition of adenosine transporters on the lumenal 

side of the blood-brain barrier may decrease the loss of adenosine fkom the brain. Our 

results indicate that lumenal administration of dipyridamole, a nudeoside transport 

inhibitor, c m  inhibit adenosine permeation fiom the extracapillary space into the lumen. 



Adenosine is an endogenous neuromodulator that is involveci in the regdation of 

nurnerous physiological and pathophysiological CNS events via the activation of 

membrane-bound adenosine receptors (Von Lubitz, 1 999). The regulation of extracellular 

adenosine levels in the brain is complex, involving multiple adenosine-generating and 

adenosine-rnetabolizing enzymes as well as nucleoside transporten, which are 

responsible for flux of adenosine across cellular membranes (Geiger et al., 1997). Under 

experirnental hypoxia/ischernia in rats, adenosine levels in brain rise rapidly then quickly 

decrease during reperfusion (Parkinson et al., 2000). Peripheral administration of 

dipyridarnole @PR), a nucleoside transport inhibitor, slowed the decrease in brain 

adenosine levels during reperfusion (Phillis et al., 1989). As DPR does not appear to 

cross the blood-brain barrier (BBB) (Sollevi et al., 1983), its ability to increase 

reperfusion adenosine levels may be mediated by inhibition of adenosine permeation of 

the BBB (Phillis et al., 1989). in addition, DPR, when prescribed prophylactically for 

stroke prevention, has been proposed to produce neuroprotection by elevation of brain 

adenosine levels via effects at the BBB (Picano and Abbracchio, 1998). In order to test 

the hypothesis that peripheral administration of DPR may inhibit adenosine movement 

from the brain into the blood, we have used a dynamic in vitro BBB @IV-BBB) model. 

The DIV-BBB was cultured with bovine aortic endothelial cells (BAEC) 

(obtained fiom Dr. H. Sage at the University of Washington) on the lumenal surface and 

rat C6 glioma cells (fiom ATCC in Rockville, MD) in the extracapillary space (ECS) as 

previously described (Stanness et al., 1996; Stanness et al., 1997). Cells were grown in a 

hollow Bber culturing system using CELLMAX Quad system and cartridge, which were 

purchased from Spectnun Laboratones (Rancho Dominguez, CA). Dulbecco's modified 



Eagle's medium (DMEM) and fetal bovine semm (FBS) were purchased fiom Life 

Technologies (Burlington, Ontario). Development of barrier properties in the DIV-BBB 

was assessed by measuring glucose consumption of the co-culture system and permeation 

of [ ' ~ ] ~ o l ~ e t h ~ l e n e  glycol (PEG) and ['4~]sucrose (Stanness et al., 1996; Stanness et al., 

1997). Consumption of glucose fkom the culture media was assessed during the first 

rnonth of culture to ensure BAEC and C6 ce11 growth and the results (data not shown) 

were similar to those previously reported (Stanness et al., 1996; Stanness et al., 1997). 

Barrier function of the DIV-BBB was investigated by administration of a bolus of 

[-'H]PEG and [14~]sucrose into the lumen then media sarnples were removed nom the 

lumen and ECS over 40 min. These experirnents were performed in the absence of cells, 

in the presence of BAEC done or co-culture of BAEC and Cd cells. Perrneability was 

calculated using the formula 

P = k  final - [X]ECS, initial 

I ~ - t i  [ ~ I l u r n c n  - J O+ [XI ECS 

where k is a constant for normalizing efflux rate for a lumenal surface area of 70 cm2 and 

a lumen/ECS volume ratio of 50; [x]~,, and [xIEcs are the lumen and ECS 

concentrations of the radiolabeled permeant (Stanness et al., 1996; Stanness et al., 1997). 

[ 14~]~uc rose  permeation of the DN-BBB was similar to that previously reported 

(Stanness et al., 1996; Stanness et al., 1997). in addition, [)H]PEG has similar permeation 

properties as  sucrose rose. In the absence of cells or in the presence of BAEC alone, there 

was no barrier to the movement of either [)H]PEG or [14~]sucrose. In the presence of 

BAEC and C6 cells, the permeabihty of ['HIPEG and [14~]sucrose ranged fkom 1 x 10" - 

1 x IO-' crn/sec over a 40 min penod (n=3). 



Adenosine permeation of the DIV-BBB was investigated by addition of 10 pM 

[3~]adenosine io the lumen (fig. Sa) and 10 FM ['4~]adenosine to the ECS (fig. 5d). Al1 

radiochernicals were purchased fiom NEN Life Sciences (Mississauga, Ontario). 

Adenosine was purchased fkom the Sigma Chernical Co. (St. Louis, MO). Samples were 

taken kom the lumenai and ECS compartments over 40 min. We investigated ['"CI and 

[3~]adenosine permeation of the DIV-BBB in the presence or absence of the nucleoside 

transport inhibitor dipyridamole @PR) (10 FM) administered to the lumenal 

cornpartment. DPR was purchased h m  Research Biochemicals International (Natlick, 

MA). The amount o f  l l la de no sine in the lumen remained constant over time (fig 5b). 

Although endothelid cells are able to take up adenosine, loss o f  [3~]adenosine was not 

detected, likely due to the large extracellular volume (70 ml) circulating through the 

lumen. The arnount o f  ['~]adenosine in the lumen was unaffected by the addition of DPR 

to the lumen (fig. Sb). There was a steady increase in the transfer of  [3~]adenosine from 

the lumen to the ECS (fig Sc) and this movement was only modestly affected by lumenal 

DPR administration. In contrast, permeation of ['4~]adenosine from the ECS into the 

lumen was low and was fûrther inhibited by lumenal administration of DPR (fig Se). 

Decreases in ECS [L4~]adenosine over time were reduced by lumenal administration of 

DPR; however, this effect of DPR did not reach statistical significance (fig 5f) .  Depletion 

of ECS [14~]adenosine is likely due to a combination of uptake by C6 cells and efflwc 

across the in vitro BBB. The small arnounts of [14~]adenosine measured in the lumen, 



Figure 5 

1- (mh) Timm (mh) 

Effect of lumenal administration of dipyridamole on [3~]adenosine or 

[lk]adenosine permeation of the DIV-BBB. 10 pM [3~]adenosine was placed into the 

lumen and 10 pM [L4~]adenoshe was placed into the extracapillary space (ECS) at tirne 

zero and the lumen and ECS were sampled for radioactivity as indicated schernatically in 

panels A and D. Experiments were run in the presence (circles) or absence (squares) of 

dipyridamole (10 PM) in the lumen of the capillary vessels. Samples were taken f?om the 

lumen (B, E) and the ECS (C, F) at 5,10,20 and 40 minutes afier the addition of 

[3~]adenosine and [14~]adenosine. Statistical analyses using student's unpaired t-tests 

were performed using Graph Pad Prism. Data are expressed as mean f SEM. (*p<O.05, 



even in the absence of DPR, result from its dilution by the constant flow of media 

through the lumen. 

The permeation of the in vitro BBB by DPR was evaluated using fluorescence 

detection with excitation and emission wavelengths of 355 nm and 535 nrn, respectively. 

DPR was perfused through the system for up to 2 hrs then samples fiom the lumen and 

ECS compartments were analyzed and compared to a standard curve. We found that 

DPR in the ECS was undetectable (n = 3) to 0.7 pM (n = 1) whereas concentrations of 5 

- 10 pM were measured in the lumen (n = 4). 

This study demonstrates that lumenal administration of DPR is able to inhibit 

adenosine permeation of a DN-BBB system fiom the ECS to the lumen but not from the 

lumen to the ECS. As DPR appears to permeate the DN-BBB poorly, the site of action is 

likely on the lumenal side of the DN-BBB. The mechanism involved in the asymrnetrical 

inhibition of adenosine permeation of the DN-BBB by DPR administration is unknown 

at present. We propose that different nucleoside transporters are present on the lumenal 

and ablumenal surfaces of endothelial cells in the DN-BBB. Four nucleoside transporter 

su b types have been charactenzed and cloned. Two equilibrative (Na'-independent) 

transporters, ENTl and ENT2, accept adenosine and other nucleosides as permeants. 

DPR inhibits both ENTl and ENT2 with inhibition constants ranging fiom 100 nM to 5 

pM (Griffith and Jarvis, 1996). Two concentrative (Na'-dependent) transporters, which 

hnction as syrnporters, have been descnbed and adenosine is a permeant for CNT2, but 

not CNT1. Neither of the concentrative transporters is inhibited by DPR at 

concentrations less than 100 PM. Using conventional ce11 culture techniques, BAEC 

possess ENT 1 as the predominant nucleoside transport mechanism (Sinclair and 



Parkinson, unpublished data). Our results suggest that differentiation of BAEC in the 

DN-BBB CO-culture system may induce the expression of another nucleoside transport 

mechanism, one that is unaffected by DPR administration. Induced expression of CNT2 

in the BAEC rnay explain the asymmetrical effects of DPR. There have been few reports 

of the nucleoside transporters present in the BBB in vivo. Rat BBB has a specific 

transport mechanism permeated by adenosine, inosine, guanosine and uridine but not 

cytidine and thymidine (Codord  and Oldendorf, 1979, a profile similar to rat CNT2 

(Cass et al., 1998). Studies in the choroid plexus have indicated that both concentrative 

and equilibrztive nucleoside transport mechanisms are present with concentrative 

transporters present on the lumenal side of the endothelial ce11 and equilibrative 

transporters present on either side (Spector, 1982). Although differentiation induced 

changes in BAEC nucleoside transporters has not been demonstrated, the expression of 

concentrative nucleoside transporters has been reported in other ce11 types undergoing 

differentiation (Kichenin et al., 2000; Soler et al., 1998). Thus, induction of BBB 

endothelial ce11 phenotype in BAEC may lead to the lumenal expression of concentrative 

nucleoside transporters as reported for cells in vivo. Co-expression of CNT2 and ENTl 

on the lumenal surface of BAEC would enable influx of [3~]adenosine through either 

transporter and efflux selectively via ENT1. The presence of DPR would inhibit ENT 1, 

resulting in [-'~]adenosine influx but not efflux. Once antibodies or sequence information 

is available for bovine CNT2, further studies to examine the induction and localization of 

~a+-dependent nucleoside transport processes in the BAEC of the DN-BBB can be 

performed. 



DPR has been used clinically for decades as an anti-platelet dnig for the 

decreased risk of stroke development. DPR has been reported to increase plasma 

adenosine levels in man (Edlund et al., 1987; German et al., 1989; Sollevi et al., 1984) 

without affecting the CSF adenosine levels (Sollevi et al., 1983). Although the effects of 

DPR on adenosine levels in brain interstitium have not been investigated, it has been 

proposed that DPR-mediated elevations in brain adenosine levels may play a role in the 

prevention of stroke events in individuals taking oral DPR (Picano and Abbracchio, 

1998). in rats, it has been reported that DPR is capable of slowing the decrease in 

adenosine levels in the brain following hypoxia/ischemia. While severe ischemia is iikely 

to increase BBB penneability to adenosine and dipyridamole, in milder insults 

dipyridamole may block adenosine efflux across the BBB and preserve brain adenosine 

levels. 



Chapter 3: Stimulation of Nueleoside Efflux and Inhibition of Adenosine Kinase by 

Al Adenosine Receptor Activation. 

Published in Biochemical Pharmacology (Sinclair et al., 2000a) 



Abstract 

.Adenosine is produced intracellularly during conditions of metabolic stress and is 

an endogenous agonist for four subtypes of G-protein linked receptors. Nucleoside 

transporters are membrane-bound carrier proteins that transfer adenosine, and other 

nucleosides, across biological membranes. We examined whether adenosine receptor 

activation could modulate transporter-mediated adenosine efflux Eom metabolically 

stressed cells. DDTi MF-2 smooth muscle cells were incubated with 10 p M  [)~]adenine 

to label adenine nucleotide pools. Metabolic stress with the glycolytic inhibitor iodoacetic 

acid (IAA, 5 rnM) increased tritium release by 63% (P<0.01), relative to cells treated 

with buffer alone. The m-induced increase was blocked by the nucleoside transport 

inhibitor nitrobenzylthioinosine (NBMPR, 1 PM), indicating that the increased tritium 

release was primarily a purine nucleoside. High performance liquid chromatography 

verified this to be [3~]adenosine. The adenosine Ai receptor selective agonist N ~ -  

cyclohexyladenosine (CHA, 300 nM) increased the release of [3~]purine nucleoside 

induced by IAA treatment by 39% (P<O.05). This increase was blocked by the Ai 

receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, 10 PM). Treatrnent of 

cells with uridine triphosphate (UTP, 100 PM), histamine (100 PM), or phorbol-12- 

myristate-13-zcetate (PMA, 10 PM) also increased [3~]purine nucleoside release. The 

protein kinase C (PKC) inhibitor chelerythnne chloride (500 nM) inhibited the increase 

in [3~]purine nucleoside efflux induced by CHA or PMA treatment. The adenosine 

kinase activity of cells treated with CHA or PMA was found to be significantly decreased 

compared to buffer-treated cells. These data indicate that adenosine Al receptor 

activation can increase nucleoside efflux from metabolically stressed DDT1 MF-2 cells 



by a PKC-dependent inhibition of adenosine kinase actiGty. 



Adenosine, through the stimulation of membrane bound receptors, has many 

biological fünctions; it is an inhibitory neuromod~lator~ a potent vasodilator, an inhibitor 

of lipolysis, and an anti-uitlarnmatory agent (Griffith and Jarvis, 1996). There are four 

subtypes of adenosine receptors; Al and A3 activate G-proteins of the Gi/G, fmily to 

inhibit adenylyl cyclase activity, inhibit ca2+ influx, enhance K' efflux and/or alter 

phospholipase C (PLC) activity while AzA and Aze couple to Gs proteins to stimulate 

adenylyi cyclase activity. Under norrnoxic conditions, adenosine levels are maintained at 

low basal concentrations by three metabolic enzymes; S-adenosylhomocysteine 

hydrolase, adenosine deaminase and adenosine kinase. Hypoxia or ischemia increases 

intracellular adenosine levels due to faster rates of ATP hydrolysis than synthesis. 

Nucleoside transporters are carrier proteins that t r ade r  nucleosides, including 

adenosine, across plasma membranes. Two subtypes of equilibrative nucleoside 

transporters, termed es and ei (Vijayalakshrni and Belt, 1988), can transport adenosine in 

either direction according to its concentration gradient. ~a+-dependent nucleoside 

transporters are symporters that couple the movement of nucleosides to the inward 

movernent o F ~ a + .  However, when tram-membrane ~ a '  gradients are disrupted, Na'- 

dependent nucleoside transporters can also mediate cellular release of nucleosides 

(Borgland and Parkinson, 1997). 

A number of physiological systems have been reported to have autoregulatory 

feedback rnechanisms; for example, stimulation of presynaptic az-adrenoceptors inhibits 

noradrenaline release. Evidence for positive or negative autoregulation of release has 

also been reported for the neurotransmitters glutamate (Liu and Moghaddam, 1995; Patel 

and Croucher, 1997), serotonin (Gebauer et al., 1993) and GABA (Kamennans and 



Werblin, 1992). We hypothesized that an autocrine mechanism exists through which 

adenosine receptor activation can modulate adenosine release. To investigate this, we 

used DDTl MF-2 smooth muscle cells that have adenosine Ai and A? receptors as well as 

es nucleoside transporters (Fkkinson et al., 1996; Ramkumar et al., 199 1). 

Materials and Methods 

Materials.  denin de ni ne was purchased from NEN Life Sciences (Mississauga, 

Ontario) . P horbo 1- 1 2-myristate- 13 -acetate (PMA), adenine, adenosine, uridine 

triphosphate (LJTP), histamine and iodoacetic acid (MA) were purchased fiom the Sigma 

Chemical Co. (St. Louis, MO). CGS 21680, 8-cyclopentyl-1,3-dipropylxanthine 

(DPCPX), 5'-N-ethylcarboxamidoadenosine (NECA), N6-cyclohexyladenosine ( C m )  

and nitrobenzylthioinosuie (nitrobenzylmercaptopurine riboside, NBMPR) were 

purchased fiom Research Biochemicals International (Natlick, MA). Chelerythrine 

chlonde was purchased from Calbiochern (LaJolla, CA). Dulbecco's modified Eagle's 

medium @MEN and fetal bovine semm (FBS) were obtained from Gibco BRL 

(Burlington, Ontario). 

Ce11 Culture. DDTl PUIF-2 smooth muscle cells were obtained from the 

Arnencan Type Culture Collection and cultured as previously described (Parkinson et al., 

1996). CeIIs were harvested, washed twice (100 x g, 5 min) and resuspended in 

physiological buffer (in mM; NaCl, 118; HEPES, 25; KCI, 4.9; K2HPO~, 1.4; MgC12, 1.2; 

CaC12, 1 ; glucose, 11; to pH 7.4 with NaOH) to a concentration of 1 x 106 cells/ml. At 

the end of each experiment, ce11 viability was evaluated by trypan blue exclusion staining 

and found to be greater than 90%. 



Measurement of [.'EIJ~urine Release. DDT MF-2 smooth muscle cells (1x1 o6 

cells/ml) were incubated with lOpM [-'~]adenine for 30 min at 37°C. At the end of the 30 

min loading penod, 5 0 0 ~ 1  aliquots of ce11 solutions were centrihged for 5s (16, 000 Xg) 

and the supematants were aspirated. Release was initiated by resuspending the ce11 pellets 

in 500 pl of buEer (37OC) containing dmg additions as indicated below. Release was 

terminated afier 10 min by layering aliquots (400 pl) of each ce11 mixture over 200 pl of 

oil(85% silicone oil: 15% mineral oil) and centrifùging at 16,000 x g for 30 S. 

Supernatants (250 pl) were added to 5 ml of scintillation cocktail and assayed for 

radioactivity. 

The e ffects of glyco lytic inhibition on tritium release were deterrnined through 

replacement of glucose in the buffer with 5 mM IAA. The selective inhibitor of the es 

subtype of equilibrative nucleoside transporters, NBMPR (1 FM), was used to block 

efflux of ~ ~ H J ~ u r i n e  nucleosides through es transporters. 

To determine the effects of adenosine receptor activation or blockade on IAA- 

induced release of tritiated nucleosides, the Al adenosine receptor antagonist DPCPX (1 

PM), the Al and A2 nonselective agonist NECA (1 PM), the AZA selective agonist CGS 

31 680 (1 FM) or the Ai selective agonist CHA (300 nM) were placed into the 

reçuspension buffer along with 5 mM M. DPCPX (10 PM) in combination with CHA 

(300 nM) was also tested. These concentrations of agonists and antagonists ensured 

maximal activation or blockade of the respective receptors without directly inhibiting es 

transporter function.' Activation of the histamine Hi receptor with histamine (100 FM) or 

the purinergic P2Y receptor with UTP (100 PM) was investigated in the presence or 



absence of CHA. PMA (10 pM) and chelerythrine chloride (500 nM), a stimulator and 

an inhibitor of protein kinase C (PKC), respectively, were tested separately, together and 

in combination with CHA for effects on [3~]purine release. 

HPLC Analysis of Adenosine. The release of adenosine per se fiom cells treated 

with IAA was determined by high performance liquid chromatopraphy WLC) .  Cells 

were pretreated with adenine (10 CIM) and release assays were performed as described 

above. Supematants were analyzed for adenosine using a slight modification of the 

method described by Delaney and Geiger (Delaney and Geiger, 1996). Briefly, equal 

volumes of supematant, 0.3M ZnS04 and 0.3M BaOH2 were added sequentially, 

vortexed, and centrifùged for 4 min at 16,000 x g. Supernatant (1 50 pl) was denvitized 

by adding 25 pl 5% chloracetaldehyde and incubating for 1 hr at 80°C. Samples were 

injected into a pBondapak Ci* column (3.9 x 150 mM) using a mobile phase of 0.01 M 

KH2P04 with 12% rnethanol (pH 5) and run isocratically at 1.5 mVmin. The excitation 

wavelerg* was set at 275 nrn and the emission wavelength was 407 nm. 

Adenosine Kinase Activity. Cells were harvested, washed twice (100 x g, 5 

min) and resuspended at a concentration of 1 x 106 celldml in physiological buffer alone 

or containing CGS 21680 (1 PM), CHA (300 nM), DPCPX (1 PM), or CHA + DPCPX at 

37°C for 20 minutes. The PKC inhibitor chelerythrine chloride (500 nM) was also tested 

in the presence or absence of PMA (10 PM) or C H . .  For CO-incubations, chelerythrine 

chloride or DPCPX was added 2 min pnor to CHA or PMA. As IAA (5 mM) was found 

to have no significant effect on adenosine kinase activity (data not shown), IAA was not 

included in the assay. Adenosine kinase activity was detennined as previously described 

Parkinson et al., unpublished work. 

87 



(Parkinson and Geiger, 1996). Briefly, ceils were harvested, homogenized in ice-cold 50 

mM Tris-HC1 (pH 7.4), then centrifùged at 38,000 X g (lhr, 4°C). Assay reaction 

mixtures (100 pl) contained 50 mM Tris-HCI (pH 7.4), 0.1 % (w/v) bovine serum 

albumin, 500 nM EHNA, 50% (v/v) glycerol, 1.6 m M  MgCl*, 50 mM 2-mercaptoethanol, 

50 mM KCI, 1.2 mM ATP, 2 pM (0.25 pCi) [3~adenosine and 2 pg of cytosolic protein. 

After incubation at 37°C for 5 min, reactions were terminated by heating to 90°C. 

Reaction products (20 pl) were spotted, in triplkate, on DE81 ion exchange filters, dried, 

and washed sequentially with 1 m .  NT&COOH, distilled deionized water and 100% 

ethanol. HCI (0.25 ml, 0.2 M) and KCl(0.25 ml, 0.8M) were then added to the filters to 

elute [)~]adenine nucleotides, and the tritium content was deterrnined by scintillation 

spectroscopy (Lin et al., 1988). 

Data An alysis. Tritium release measurements were performed in triplicate and 

each expex-iment was performed at least three tirnes. Al1 vaIues are expressed as means 4 

S.E. and statistical significance was detennined by ANOVA followed by Bonferroni's 

post hoc test. Statistical analyses were performed using the software package GraphPad 

PRISM Version 2.0. 



Results 

DDTl MF-2 smooth muscle cells, loaded with [3~adenine,  were subjected to 

glycolytic inhibition with IAA (5 mM) (fig. 6). IAA increased tritium efflux by 63% 

(P<O.Ol) over release into buffer alone. The es transport inhibitor NBMPR (1 PM) was 

used to determine whether the increase in tritium release was due to increased efflux of 

[ ' ~ l ~ u r i n e  nucleosides. NBMPR significantly blocked the [AA-induced increase 

(P<0.05). As both adenosine and its metabolite inosine are penneants of es nucleoside 

transporters, we treated cells with adenine and then measured, by HPLC, adenosine 

release induced by buffer alone or by MA (table 3). Release into buffer alone showed 

undetectable levels of adenosine in the extracellular fluid; however, IAA-treatment 

produced extracellular adenosine concentrations of 75 * 5 nM. By scintillation 

spectroscop y, [3~]purines were detected in the supematants of cells treated with buffer 

alone; however, following treatment with IAA, released [3~]punnes increased by 142 k 

25 nM (Table 3). Thus, about half of the increase in tritium efflux seen following 

treatment of cells with IAA was due to release of [3~]adenosine. 

The effect of adenosine receptor stimulation or inhibition was determined by 

resuspending the ~ ~ ~ a d e n i n e  loaded cells into bufler containing IAA with or without the 

AI selective agonist CHA, the nonselective agonist NECA, the AzA agonist CGS 21680 or 

the Al antagonist DPCPX (fig. 7A). Of the compounds tested, only CHA significantly 

changed release; it produced a 39% increase (Pc0.05) over IAA alone. None of the 

agonists or the antagonist had any significant effects on tritium release in the absence of 

IAA (data not shown). To indicate if this increase by CHA was mediated by the Ai 

receptor, the experiments were repeated in the presence of DPCPX (fig. 7B). 



Figure 6 

Buffer NBMPR IAA 
n wu+ 

NBMPR 

Effect of glycolytic inhibition on release of [3H-Jpurines fkom DDT, MF-2 cells loaded 

with [3~]adenine. Cells were Ioaded for 30 min with 10 pM  la la de ni ne then pelleted 

and resuspended in buffer or buffer containhg 5 mM iodoacetate (MA) for 10 min in the 

absence or presence o f  the nucleoside transport inhibitor NBMPR (1 FM). Values 

represent means k S.E. of pmoles/106 cells. Statistical significance was determined by 

ANOVA followed by Bonferroni's post hoc test (8 P<O.OS between IAA and 

IAA+NBMPR, * P<O.0 1 between buffer and IAA, n=3). 



TABLE 3 

IAA-induced release of adenosine or total purines from DDTl MF-2 cells. 

Treatment adenosine ['Hl purines 

B uffer ND ( 5 )  201 f 8 nM (21) 

IAA 72 * 4 n M  (4) 329 i 24 nM (21) 

Cells were preincubated with 10 pM adenine or 10 p M   la la de ni ne for 30 min at 37°C. 

Cells were then pelleted and resuspended in buffer alone or in 5 mM IAA. After 10 min, 

cells were pelleted through oil and supematants were analyzed by HPLC for adenosine 

content or by scintillation spectroscopy for [3qpurine content. Data are mean 

concentrations * S.E. (n). ND-not detected; IAA-iodoacetate. 



Figure 7 

C CHA NECA CGS OPCPX 
DPCPX 

Effects of adenosine receptor agonists and antagonists on JAA-stimulated efflux of 

 urines fiom DDTi MF-2 ceiis loaded with [3~adenine.  A. Cells were loaded for 30 

min with 10 pM [-'~]adenine then peileted and resuspended into buffer containing IAA 

alone (C; control) or with the Ai agonist CHA (300 nM), the nonselective agonist NECA 

(1 FM), the agonist CGS 2 1680 (1 PM) or the Al antagonist DPCPX (1 FM). B. 

Cells were resuspended into buffer containing IAA alone (C; control) or with DPCPX 

(1 0 FM), CHA (300 nM) or DPCPX and CHA. Data for  aden urines released during 10 

min (37°C) are means + S.E. expressed as percentage of purines evoked by IAA 

treatment. In panel A, control was 120 f 20 pmoles/ 106 cells while in panel B it was 1 18 

c 29 prnoles/ 106 cells. Statistical significance was determined using ANOVA and 

Bonferroni's post hoc test was used to compare treatments (§ P<0.05 between CHA and 

CEIA+DPCPX, * Pc0.05 between C and CHA, n 2 4). 



DPCPX completely inhibited the CHA-mediated increase in [3~]purine nucleoside emux 

(PcO.05). As At adenosine receptor stimulation is known to inhibit adenylyl cyclase 

activity, we investigated the role of CAMP in altering purine nucleoside release. Forskolin 

(IO PM) as well as CGS 21680 (1 PM), both of which will activate adenylyl cyclase in 

these cells (Borgland and Parkinson, 1998)' failed to alter IAA-induced nucleoside 

release (data not shown; fig. 7A). Thus, we found no evidence that CAMP formation 

affects adenosine efflwc. 

As Al receptors in DDTi MF-2 cells are known to activate PLC directly and to 

enhance the effects of other PLC activators (Dickenson and Hill, 1994; Gerwins and 

Fredholm, 199Sb; Schachter and Wolfe, 1992), we exarnined the role of PLC and PKC 

activation on IAA stimulation of  urine release. Both nucleotide P2Y (Gerwins and 

Fredholm, 1995a) and histamine Hi (Dickenson and Hill, 1994) receptor stimulation have 

been shown to increase PLC activity in these cells. We investigated whether UTP (100 

FM) or histamine (100 PM) could enhance IAA-stimulated efflux of [3~]purines and 

found that each compound caused a 35% increase relative to that of IAA (PcO.05) (fig. 

8A and fig. 8B). When UTP or histamine was combined with CHA, there appeared to be 

an additive effect and release was increased by 58% and 52%, respectively (P<0.01), 

relative to IAA alone. The role of PKC in these increases in [3~]purine release was 

investigated with the phorbol ester PMA or chelerythnne chloride to activate or inhibit 

PKC, respectively. PMA (10 FM) caused a significant increase in tritium efflux over that 

of IAA alone (P<O.05); however, uniike UTP or histamine there was no additional effect 

Parkinson et. al., unpublished work. 



Figure 8 

C H IS CHA HIS+ 
CHA 

C UfP CHA UTP+ 
CHA 

CHA 

The effects of PLC and PKC activation on purine emux hduced by IAA with or without 

CHA. Cells were loaded for 30 min with 10 FM [3~]adenine then pelleted and 

resuspended into buffer containing IAA alone (C; control) or with histamine (100 PM; 

A), UTP (100 PM; B) or PMA (10 FM; C) in the presence or absence of CHA (300 nM) 

at 37°C for 10 min. Values represent means t S.E. expressed as percentages of 

 rine ne nucleosides evoked by IAA-treatment. In panels A and B, control was 121 t 

23 pmoles/ 106 cells while in panel C it was 65 + 19 pmoles/ 106 cells. Statistical 

significance was determined using ANOVA and Bonferroni's post hoc test was used to 

compare treatments (* Pc0.05, **Pc0.01 relative to C; -5). 



with CHA (fig. 8C). A concentration of chelerythnne chlonde (500 nM) that did not 

rnodiQ basal efflux completely uihibited both CHA- and PMA-mediated increases in 

[3~]purine release (P<0.05) (fig. 9). 

Previous work in our laboratory showed that CHA at concentrations of less than 5 

pM did not directly affect nucleoside transporter function in DDTi MF-2 (Borgland and 

Parkinson, 1998). We examined whether the increased 13~lpurine release induced by 

PMA or CHA was associated with inhibition of one of the adenosine metabolizing 

pathways. The activity of the enzyme adenosine kinase, which phosphorylates adenosine 

to AMP, was found to be significantly inhibited by adenosine Ai receptor activation by 

CHA but not by activation of A2 receptors with CGS 21680 (fig. 10A). These effects 

were receptor mediated, as the Al receptor antagonist DPCPX was able to btock the 

CHA-mediated effects on adenosine kinase (fig. 1 OB). Activation of PKC with the 

phorbol ester PMA was able to mimic the effects of CHA on adenosine kinase activity 

and chelerythnne chlonde was able to attenuate the inhibitory effects of CHA and PMA 

(Table 4). 



Figure 9 

C Chel CHA CHA P M  PMA + + 
C hel C hel 

The effects of PKC inhibition on CHA or PMA mediated increases in [ ' ~ l ~ u r i n e  

nucleoside efflux. Cells were loaded for 30 min with 10 pM [.'~]adenine then pelleted 

and resuspended into buffer containing IAA alone (C; control) or with PMA (10 PM) or 

CHA (300 nM) or the PKC inhibitor chelerythrine chloride (Chel; 500 nM) alone or in 

combination with PMA or CHA at 37OC for 10 min. Data are expressed as percentage of 

[ 3 ~ ] p u ~ n e  nucleosides evoked by IAA-treatrnent; bars represent means I S.E. Control 

was 19 1 f 29 pmoles/ 1 o6 cells. Statistical significance was determined using ANOVA 

and Bonferroni's post hoc test was used to compare treatments (* P<0.05 relative to C; 

$P<0.05 for CHkChel or PMAKhel, n 2 4). 



TABLE 4 

Effects of CHA and PMA on adenosine kinase activity. 

Treatmeat Adenine Nucieotides @moles) % Coatrol 

Buffer 26.2 * 1.7 (8) 100 

CHA 18.3 + 1.7 (7)' 67 I 4.0 " 
PMA 14.9 t 1.5 (5)***§§ 61 i 4.3 -. $8 

C hel 24.9 + 1.9 (6) 85 + 4.5 

CHA + Che1 25.0 It 2.1 ( 5 )  85 -t 2.5 

PMA + Chet 27.7 k 1.4 (3) 97 4 6-0 

Cells were stimulated with CHA (300 nM) or PMA (10 FM) alone or with chelerythrine 

chloride (Chel; 500 nM) at 37OC for 10 min then lysed and adenosine kinase activity was 

measured as described in the text. Values are means * S.E.(n). Adenosine kinase activity 

is expressed as picomoles [3~]adenine nucleotides produced/2 pg proteid5 min or  as % 

control of adenosine kinase activity relative to buffer-treated cells. 

* * 
* P~0.05, Pc0.01 relative to buffer-treatment; (~<0 .05 ,  $§~<0.01 relative to Che1 treated- 

cells. ANOVA foilowed by Bonferroni's post hoc test 



Figure 10 

B 

The effects of adenosine receptor agonist or antagonist treatrnent of DDT, MF-2 cells on 

cytosolic adenosine kinase activity. A. Cells were stimulated for 10 min with buffer (C; 

control), CHA (300 n . )  or CGS 2 1680 (1 PM) at 37OC then lysed and adenosine kinase 

activity was determined as described in the text. B. Cells were treated with buffer, CHA 

(300 nM). DPCPX (1 FM) or CHA + DPCPX for 10 min at 37°C. Cytosolic protein was 

isolated and adenosine kinase activity was detemined. Data for adenine nucleotides are 

mean f S.E. expressed as picomoles adenine nucleotided 2 pg cytosolic proteidSmin. 

Statistical significance was determined using ANOVA and Bonferroni's post hoc test was 

used to compare treatments (§ P<0.05 between CHA and CHA+DPCPX, * Pc0.05 

between C and CHA, n 2 4). 



Discussion 

The main findings of this study were that adenosine Ai receptor activation can 

increase the efflux of [3~]purines from DDTi MF-2 cells durhg glycolytic inhibition. 

Stimulation of PLC by histamine Hl and P2Y nucleotide receptor activation as well as 

direct PKC activation with PMA c m  mimic this increase in efflux. Adenosine kinase 

assays showed that CHA or PMA treatment inhibited adenosine metabolism, an effect 

that could elevate intracellular adenosine levels and enhance adenosine efflux. 

Depleting cellular ATP by blocking glycolysis or oxidative phosphorylation is an 

effective way of enhancing intracellular adenosine production and release (Bukoski and 

Sparks, 1986; Zoref-Shani et al., 1988). We found that the glycolytic inhibitor iAA was 

effective at stimulating the release of [3~purines during a 10 min release penod. 

NB MPR b locked this increase, indicating that IAA treatment induced [3~]punne 

nucleoside release £tom cells via es nucleoside transporters. Release of [3~pur ines  was 

also detected following treatment of cells with buffer alone; as this release was not 

affected by NBMPR and adenosine levels were undetectable by HPLC, this basal release 

could reflect [ 3 ~ ]  adenine or its degradation products. 

HPLC analysis showed that adenosine accounts for about 50% of the IAA- 

evoked release of purine nucleosides. Inosine is another es transporter permeant that may 

be released under these conditions. Previously, IAA treatment was reported to cause 

release of similar amounts of adenosine and inosine fkom neural (Rego et al., 1997) and 

cardiac tissue (Jennings et al., 1989). Inosine can be formed from adenosine by 

adenosine deaminase or fiom dephosphorylation of inosine monophosphate following 

deamination of adenosine monophosphate. Inosine production may have physiological 



importance as a recent study has reported that inosine cari stimulate A3 receptors in mast 

cells (Jin et al., 1997). 

In this study CAMP-dependent mechanisms did not appear to modulate adenosine 

release. Both the adenylyl cyclase activator forskoiin and the agonist CGS 21680 

can stimulate CAMP production in these cells @orgland and Parkinson, 1998)' but did 

not affect the release of [.'HJpurine nucleoside. Thus, es transporters in DDTi MF-2 cells 

do not appear to be regulated by CAMP-dependent mechanisms although such regulation 

may occw in other ce11 types (Coe et al., 1996; Delicado et al., 1990; Sen et al., 1990). 

Stimulation of adenosine Ai, histamine HI, and nucleotide P2Y receptors 

enhanced IAA-induced [3~]purine nucleoside release from DDTl MF-2 cells. Stimulation 

of these receptors leads to activation of PLC and PKC (Gemins and Fredholm, 1995a; 

Genvins and Fredholm, 1995b; Schachter and Wolfe, 1992) and Al receptor activation 

can enhance PLC activity induced by other PLC-coupled receptors in these cells 

(Gerwins and Fredholm, 1995b; Schachter et al., 1992; Schachter and Wolfe, 1992). The 

phorbol ester PMA also enhanced  urine nucieoside release. The PKC inhibitor 

chelerythrine chlonde inhibited both the CHA- and the PMA-induced increases in 

nucleoside efBux, supporting the role of PKC in this efflux. in contrast to our data, it was 

reported previously that PKC activation decreased adenosine uptakc and decreased the 

nurnber of fùnctional transporters in bovine adrenal chromaffin cells (Delicado et al., 

199 1) although not in bovine endothelial cells (Sen et al., 1996). 

Adenosine kinase is a high affinity enzyme that has a Km value for adenosine of 

0.2 - 0.5 pM and is subject to substrate inhibition (Fisher and Newshoime, 1984; Lin et 

' Parkinson et. al., unpublished work. 



al., 1988). Inhibition of adenosine kinase can elevate endogenous adenosine levels 

(Golembiowska et al,, 1996; White, 1996) and has been reported to have neuroprotective 

(Tatlisumak et al., 1998) anti-inflamrnatory (Cronstein et al., 1995), and anti-nociceptive 

effects (Keil and DeLander, 1996; Sawynok et al., 1998). Treatnient of these cells with 

CHA inhibited the activity of adenosine kinase while the AZA agonist CGS 2 1680 did not 

affect adenosine kinase activity. Previously, CHA was reported to inhibit adenosine 

kinase activity directly with a Ki value of 220 FM (Lin et al., 1988); however, the 

concentration of CHA used in the present study was alrnost three orders of magnitude 

lower (300 nM), Inhibition of adenosine kinase by CHA was attenuated by the Al 

selective antagonist DPCPX or the PKC inhibitor chelerythrine chloride, indicating an At 

receptor-mediated and PKC-dependent mechanism. The tiding that PKC activation with 

PMA or CHA can inhibit adenosine kinase activity is novel. DDTi MF-2 cells have been 

reported to contain PKC-a, PKC-E and PKC-C; (Assender et al., 1994). As PKC-a or 

PKC-E are activated by PMA, one or both of these isoforms may cause direct or indirect 

inhibition of adenosine kinase activity. Phosphorylation of adenosine kinase by PKC 

activation is a potential mechanism as the adenosine kinase sequence has numerous PKC 

phosphoryIation consensus sites (McNaIly et al., 1997; Singh et al., 1996; Spychala et al., 

1996). Although increased intracellular CAMP levels stirnulated by CGS 2 1680 

administration does not directly modulate adenosine kinase activity, it is possible that 

CAMP may modulate the PKC-mediated inhibition of AK in these cells (Schachter et al., 

1992). Whether inhibition of adenosine kinase activity by PKC-dependent mechanisms 

underlies PMA- or carbachol-induced potentiation of NMDA-evoked adenosine release 

fiom cortical slices (Semba and White, 1997; Wang and White, 1998) has yet to be 



deterrnined. It is tempting to speculate that inhibition of adenosine kinase may provide a 

way for local adenosine levels to reach suf£iciently high concentrations to activate 

receptors wi th relatively low affhity for adenosine, such as the A ~ B  or A3 subtypes. 

In swnmary ,  we have shown that adenosine Al receptor activation can inhibit 

adenosine kinase activity by a PKC-dependent pathway. In DDTl MF-2 cells, thk led to 

enhanced cellular release of purine nucleosides. This may indicate a mechanism by which 

adenosine can potentiate adenosine levels under conditions of metabolic stress. 



Chapter 4: Nucleoside Transporter Subtype Expression: Effects on Potency of 

Adenosine Kinase Inhibitors. 

Submitted to British Journal of Pharmacoiogy 



Abstract 

Adenosine kinase (AK) inhibitors, by blocking one pathway of adenosine 

metabolism, can enhance adenosine levels and potentiate adenosine receptor activation. 

As the AK inhibitors Siodotubercidin (ITU) and Samino-5'-deoxyadenosine (MIzdAdo) 

are nucleoside analogues, we hypothesized that the expression of nucleoside transporter 

subtypes can affect the potency of these inhibitors in intact cells. Three nucleoside 

transporter subtypes that mediate adenosine permeation of rat cells have been 

characterized and cloned: equilibrative transporters rENTl and rENT2 and concentrative 

transporter rCNT2. For the present study, rat C6 glioma cells, which express rENT2 

nucleoside transporters, were stably transfected with rENTl (rENTLC6 cells) or rCNT2 

(rCNT2-C6 cells) nucleoside transporters. As expected, ITU and MIzdAdo inhibited AK 

isolated fiom C6 cells, and ICso values of 4 nM and 1.8 FM, respectively, were obtained. 

We tested the effects of ITU and NHzdAdo on [3~]adenosine uptake and conversion to 

[)~]adenine nucleotides in the three ce11 types. NHzdAdo did not show any cell type 

selectivity. In contrast, ITU showed significant inhibition of [3~]adenosine uptake and 

[3~]adenine nucleotide formation at concentrations S 100 nM in rENT 1 -C6 cells, while 

concentrations 2 3 pM were required for C6 or rCNT2-C6 cells. Nitrobenzylthioinosine 

(1 00 a), a selective inhibitor of rENT 1, abolished the effects of nanomolar 

concentrations of ITU in rENTLC6 cells. This study demonstrates that ITU is a potent 

inhibitor of isolated AK, but its effects in whole cells are dependent upon nucleoside 

transporter subtype expression. Thus, cellular and tissue differences in expression of 

nucleoside transporter subtypes may affect the pharmacological actions of some AK 

inhibitors. 



Adenosine kinase (AK) inhibitors have been reported to have therapeutic potential 

in the areas of inflammation, analgesia, anti-convulsion and cerebral ischemia (Kowaluk 

et al., 1998). These properties are believed to be due to elevation of endogenous 

adenosine levels and activation of adenosine receptors (Brïtton et al., 1999). As AK is an 

intracellular enzyme, only cell permeable inhibitors will exhibit pharmacological effects. 

Many AK inhibitors are purine nucleoside analogues (Henderson et al., 1972; Miller et 

al., 1979), so we hypothesized that the cellular permeability of these compounds may 

require nucleoside transporters. 

Transmembrane fluxes of purine and pyrimidine nucleosides, including 

adenosine, occur via nucleoside transporters. These transporters are broadly categorized 

into two classes: concentrative and equilibrative. Concentrative nucleoside transporters, 

of which six subtypes have been characterized, are ~a'-dependent and couple influx of 

adenosine or other nucleosides to influx of ~ a '  (Cass et al., 1998; Geiger et al., 1997). 

Three concentrative nucleoside transporters have been cloned h m  human and rodent 

tissues (Che et al., 1995; Huang et al., 1994; Ritzel et al., 2001): CNTl (concentrative 

nucleoside @ansporter 1 ; previously NZ/cit) is selective for pyrimidine permeants, CNTZ - 

(Nlkif) is selective for purine nucleosides and uridine, and CNT3 (N3kib) has purine 

and pyrimidine nucieosides as permeants. Two equilibrative nucleoside transporter 

sübtypes have been charactenzed and cloned (Crawford et al., 1998; Griffiths et al., 

1 997b; Yao et al., 1997). Both transport purine and pyrimidine nucleosides across 

plasma membranes in a direction dictated by their concentration gradients. The 

equilibrative transporters are two unique gene products and are functionally differentiated 

based on their sensitivity to nitrobenzylthiohosine (NBMPR). ENTL (equilibrative 



nudeoside gransporter 1; cloned es transporter) is sensitive to low nanomolar - 

concentrations of NBMPR whiIe ENT2 (ei transporter) is relatively insensitive to 

NBMPR with ICso values >l pM (Griffith and Jarvis, 1996). Several studies have 

investigated the effects of ITU on nucleoside transport processes. At up to 10 FM ITU, 

some reports have indicated no effect on nucleoside transport processes (Lloyd and 

Fredholm, 1995) while others have demonstrated inhibition of transport (Davies and 

Cook, 1995; Henderson et al., 1972; Wu et al., 1984). We have previously reported that 

ITU, at concentrations of 4-15 FM, can inhibit both ENTl nucleoside transport and 

ligand binding to ENTl (Parkinson and Geiger, 1996). 

The objectives of this study were to determine if the expression of nucleoside 

transporter subtypes affects the potency of the AK inhibitors ITU or NHzdAdo to inhibit 

adenosine uptake and metabolism in rat C6 glioma cells. Our results indicate that potency 

of ITU, but not NHzdAdo, was influenced by nucleoside transporter subtype expression. 



Materials and Methods 

Mat eriuls 

PCR prîmers, low and high glucose Dulbecco's modified Eagleys medium 

(DMEM), fetal bovine s e m  (FBS), MoIoney murine leukemia Wus (MMLV) reverse 

transcriptase, oligo (dT) z.i random primers DNA labeling kits, LPOFECT@ reagent, 

neornycin (G418), EcoRV, Not 1 and Sac II were purchased fiom Life Technologies 

(Burlington, Ontario). The SNAP RNA isolation kit and pcDNA 3.1 (-) mammalian 

expression vector were purchased fkom Invitrogen (Carlsbad, CA). T4 DNA polymerase, 

T4 DNA ligase and wizardm DNA clean-up system were purchased fiom Promega. 

Ready To GoTM PCR beads and Apa 1 were purchased from Amersham Pharmacia 

Biotech (Piscataway, NJ). Epicurian ~ o l i @  XL1-Blue MRF' Kan supercompetent cells 

were purchased fiom S tratagene @a Jolla, CA). [ 3 ~ ~ d e n o s i n e ,  [ 3 ~ ]  uridine and 

[ 3 ~ ] ~ ~ ~ ~ ~  were purchased fiom NEN Life Sciences (Mississauga, Ontario). 

Iodotubericidin (ITU) was purchased from Alberta Nucleoside Therapeutics (Edmonton, 

Alberta). Erythro-9-(2-hydroxy-3-nony1)adenine hydrochloride (EHNA), dipyridamole 

@PR), nitrobenzylthioinosine (nitrobenzylmercaptopurine riboside, NBMPR) and 

nitrobenzylthioguanosine were purchased from Research Biochemicals International 

(Natlick, MA). All other compounds were purchased fiom the Si,ma Chernical Co. (St. 

Louis, MO). 

Transfection of C6 Glioma Cells with rENT1, rCNT2 or vector 

The nucleoside transporter subtypes rENTl and rCNT2 were originally cloned in 

pGEM-T vectors (Griffith et al., 1997a; Yao et al., 1996). The rENTl cDNA insert was 



excised fiom the pGEM-T vector using Sac II and Not 1 (simultaneously at 37O C for lhr) 

and then treated with T4 DNA polymerase to produce blunt ends. The rENTl insert was 

ligated into the EcoRV restriction site of pcDNA 3.1(-). The rCNT2 was excised with 

Apa 1 and Not 1 (simultaneously at 37" C for lhr) and then inserted into the Apa 1 and 

Not 1 sites in pcDNA 34- ) .  pcDNA 3.1 (-) with and without inserts was amplified in 

Epicurian CO@ XLl-Blue MRF' Kan supercompetent celis, isolated and purified using 

 izard@ DNA clean-up system. 

Rat C6 glioma cells were transfected with pcDNA 3.1 (-) containing no insert, 

rENTl or rCNT2 using LIPOFECTIN@ reagent and the manufacturer's protocol. Stably 

transfected C6 cells were selected using 800 pg G418/ ml of culture media. Single clones 

were isolated and cultured in the presence of 400 p g h l  G418. 

RT-PCR Analysis 

RT-PCR analysis was performed as previously described (Sinclair et al., 2000b). 

Total RNA was isolated fkom rat C6 glioma cells using the SNAP RNA isolation kit and 

treated with DNase 1. cDNA synthesis was performed at 37°C for 60 min with a total 

reaction volume of 60 pl consisting of 300 ng o l i g ~ ( d T ) ~ ~ ~ ~ ~  primer, 5 pg total RNA, 3 

mM dNTPs, 6.7 p M  dithiothreitol @TT), 50 m M  Tris-HCI (pH 8.3), 75 mM KCI, 3 m M  

MgClz and 3.3 Units MMLV reverse transcriptase. Control reactions were performed by 

ornittins reverse transcriptase. 

For PCR, control and reverse transcriptase-treated solutions (2 pl) were amplified 

using Ready To GoTM PCR beads. The amplification consisted of 30 cycles of: 30 s at 

94"C, 30 s at 56OC and 1 min at 72OC. A final 10 min 72°C elongation step followed and 



samples were held at -9OC then analyzed by electrophoresis on a 1.0% agarose gel. DNA 

bands were viewed and photographed under UV light following ethidiurn bromide 

staining- 

rENT1 was amplified with the 5' primer 5'-CACCATGACAACCAGTCACCAG 

-3 ' and the 3 ' primer 5'-TGAAGGCACCTGGTTTCTGTC -3' to produce a 1 -76-kb 

product. rENT2 was amplified using the 5' primer 5'-TTACCCAACCTGCACCCTCTC 

-3' and the 3' primer 5'-GTAGCCACATTGCATATGGTGA -3' to produce a 1.67-kb 

product. rCNT2 was amplified using the 5' primer 5'- 

AACCTCCACTTCCTGCTTGTCA-3' and the 3' primer 5'-  

CTTCACTCCCTCCTTGCTCTTG-3' to produce a 1.43-kb product. The presence of 

mRNA for glyceraldehyde-3'-phosphate dehydrogenase (GAPDH), a ubiquitous 

housekeeping gene, was used as a loading control, and was detected using the 5' primer 

5'-GCTGGGGCTCACCTGAAGGG-3' and the 3' primer 5'-  

GGATGACCTTGCCCACAGCC-3' to ampli@ a 343-bp DNA product (bases 346 to 

688) kom the rat GAPDH cDNA. 

N~rcleoside Uptake Assays 

Rat C6 glioma cells were cultured in 24-well plates untiI confluent as previously 

descnbed (Sinclair et al., 2000b). Cells were washed twice in physiological buffer (in 

rnM; NaCl, 118; HEPES, 25; KCl, 4.9; K2HP04, 1.4; MgC12, 1.2; CaC12, 1; glucose, I l ;  

to pH 7.4 with NaOH) or buffer in which NaCl was replaced with N-methylglucamine 

(NMG). Cells were incubated with  la la de no sine (1 FM) or [3~]uridine (1 PM) in 250 pl 

of ~a or NMG' buffer for times ranging nom 0-300 sec. Nucleoside transporter 



subtypes were determined by inhibition of  uridine uptake by lOOnM NBMPR 

(rENT 1 ), 1 OpM NBMPR (rENT 1 and rENT2) or NMG+ buffet (rCNT2). To examine the 

effect of AK inhibitors, cells were exposed to graded concentrations of ITU (1 nM - 30 

FM) or NHzdAdo (300 nM - 30 FM) 15 min prior to and during the uptake assays. To 

terminate uptake, the extracellular solutions were aspirated and the cells were rapidly 

washed twice with ice-cold buffer. Cellular protein was dissolved by incubating cells 

ovemight with NaOH (1M; 500 pl) at 37OC. Separate aliquots of the dissolved cells were 

used for protein determination, using the Bradford assay, and for liquid scintillation 

spectroscopy. Uptake values were determined from the radioactivity in the dissolved cells 

m d  are expressed as pmoVmg cellular protein using the specific activity of the uptake 

assay buffer. 

Aderiosihe Kinase Assays 

Activity of isolated AJC was assessed as previously described (Sinclair et al., 

2000a). Briefly, cells were homogenized in ice-cold 50 rnM Tris-HCl (pH 7.4), then 

centnfuged at 38,000 X g (lhr, 4OC). Assay reaction mixtures (1 00 pl) contained 50 mM 

Tris-HCl (pH 7.4), 0.1 % (wh) bovine serum albumin, 500 nM EKNA, 50% (v/v) 

glycerol, 1.6 mM MgC12, 50 rnM 2-rnercaptoethanol, 50 mM KCI, 1.2 rnM ATP, 2 FM 

(0.25 pCi)  la la de no sine and 2 pg of cytosolic protein in the presence or absence of ITU 

(1 nM -1 FM) or NHzdAdo (1 nM -10 PM). After incubation at 37OC for 5 min, 

reactions were terminated by heating to 90°C. Reaction products (20 pl) were spotted, in 

hiplicate, on DE8 1 ion exchange filters, dried, and washed sequentially with 1 mM 

Nl&COOH, distilled deionized water and 100% ethanol. HCl(0.25 ml, 0.2 M) and KCl 



(0.25 ml, 0.8M) were then added to the filters to elute [3~]adenine nucleotides, and the 

tritium content was determined by scintillation spectroscopy. 

Inhibition of AK activity in intact cells was investigated in C6 cells as previousiy 

described, with minor modifications (Rosenberg et al., 2000; Wiesner et al., 1999). Cells 

were cultured and treated as described for nucleoside uptake assays. Following a five min 

[3~]adenosine (1 PM) uptake interval, cells were washed with ice-cold buffer and 

dissolved in 250 pl of 2% trichloroacetic acid (TCA). 100 pl of the ce11 extract was taken 

for scintillation spectroscopy and 50 pl was placed ont0 DE-8 1 sephadex filters to 

determine the percentage of the total uptake that was  la la de ni ne nucleotides. The ion- 

exchange filters were then washed as described above. 

['H]NB-MPR binding ossays 

Cells were washed with ~ a '  but3er then incubated (22 OC) with 0.1 - 5 n M  

[ 3 ~ ] ~ ~ ~ ~ ~  in the absence or presence of 1 pM nitrobenzylthioguanosine. Afier a 1 hr 

incubation interval, cells were washed twice with ice-cold ~ a +  buffer then dissolved with 

NaOH. Samples were analyzed for both tritium and protein content. 

Duta Analysis 

Each experiment was performed at least three times in duplicate or triplicate, unless 

otherwise stated. Al1 values are expressed as means f S.E. and statisticaI sipificance was 

determined by ANOVA followed by Tukey's post hoc test. Statistical analyses were 

performed using the software package GraphPad PRISM Version 3.0. 



Resu l ts 

-4K assays were performed to determine the potencies ofITU and NH2dAdo for 

inhibition of rat C6 glioma ce11 AK activity (fig 11A). ITU inhibited AK by 98% at 1 

FM and had an ICso value of 4 nM. NHzdAdo produced 82% inhibition at 10 pM and 

had an ICso value of 1.8 FM. Rat Cd glioma cells contain predominantly (>95%) rENT2- 

mediated nucleoside transport and 1 pM [-'~]adenosine uptake is linear over time (fig 

1 1B) (Sinclair et al., 2000b). In the absence of intracellular metabolism, [3~]adenosine 

transport via rENT2 would be predicted to saturate quickly, thus, the apparent linearity of 

uptake indicates extensive metabolism of [3~adenosine. Indeed, afier 5 min uptake 

intervals, approximately 90% of intracellular tritium was associated with adenine 

nucleohdes. Thus, we investigated maximaily inhibitory concentrations of ITU (1 PM) 

and NHzdAdo (10 FM) on  la la de no sine uptake. Neither ITU nor NHzdAdo had a 

significant effect on 1 p M  [3Hladenosine accumulation over 5 min (fig 1 lb). These 

resuIts indicâte that ITU and NH2dAdo are ineffective in live C6 cells and led us to 

hypothesize that nucleoside transporter subtype expression can affect ce11 permeability 

and, thus, efficacy of AK inhibitors. 

To investigate this hypothesis, we stably transfected the C6 glioma cells with 

pcDNA 3.1 (-) containhg no insert (vector-Co), rENTl cDNA sequence (rENTLC6) or 

rCNT2 cDNA sequence (rCNT2-C6). To demonstrate effective transfection, we 

performed 1 p M   lurid ri di ne uptake, RT-PCR analysis and [ 3 ~ ] ~ ~ ~ ~ ~  binding. The 

accumulation of  ad lu ri di ne in rENTbC6 and rCNT2-C6 cells was increased by 45 f 17 

% and 47 f 20 %, respectively, compared to wt-C6 cells. The uptake of 1 p M   lu lu ri di ne 

uptake in wt-C6 (fig 12a) or vector-C6 cells (data not shown) was not significantly 



affected by 100 nM NBMPR or NMG+ buffer while 10 pM DPR inhibited [3~]uridine 

uptake by 100 f 5 %. As we have previously reported (Sinclair et al., 2000b), this 

indicates predorninantly rENT2-mediated nucleoside transport in rat C6 glioma cells. in 

the rENT I -C6 cells, 100 nM NBMPR inhibited [3auridine uptake by 32 k 1 0 %. RT- 

PCR analysis indicates mRNA transcript for rENTl in the ENT1-C6 cells but not in the 

other three ce11 types (fig 12d). In addition, specific [3a~~MP~ binding was detected 

in rENT1 -C6 cells (KD = 0.18 + 0.03 n M  and BMa = 298 I 10 fÏnoVmg protein, n = 4) 

but not in wt-C6 cells (n = 4). This indicates successful transfection of rENTl into these 

celIs. Although rCNT2 is a purine selective nucleoside transporter, uridine is transported 

by rCNT2 Wtzel et al., 1998). In the rCNT2-C6 cells, [ 3 ~ u r i d i n e  uptake was inhibited 

by 37 k 1 1 % when MG+ buffer replaced ~ a '  buffer (fig 12c). RT-PCR (fig 2d) 

demonstrated that rCNT2 mRNA transcnpt is present in rCNT2-C6 celIs but not in the 

other three ce11 types. These data indicate successfiil transfection of C6 cells with the 

rCNT2 nucleoside transporter. 

The interaction of ITU or NH2dAdo with the nucleoside transporters was 

investigated in the C6 cells in two ways: 1 pM [3~]uridine uptake to investigate 

transporter-mediated effects and 1 p M  [3~adenosine uptake to investigate AK-mediated 

and transporter-mediated effects. Previous reports have demonstrated direct interaction of 

ITU with nucleoside transporters at concentrations greater than 1 FM (Davies and Cook, 

1995; Henderson et al., 1972; Parkinson and Geiger, 1996; Wu et al., 1984). To 

investigate the hypothesis that ITU and NHzdAdo inhibit nucleoside transport directly, 

we measured uptake of 1 PM  uridine into wt-C6, rENTbC6 and rCNT2-C6 cells. 



Figure 11 

Time (min) 

Effect of ITU or NH2dAdo on AK activity or 1 FM [.'~]adenosine uptake in 

C6 cells. A. Cytosolic protein fÏom C6 cells was isolated and AK activity was determined 

in the presence of ITU (a; 1 nM- 1 FM) or NHzdAdo (O ;  1 nM- 10 PM). Data are 

expressed as %control where control represents 28.7 + 5.5 pmol adenine nucleotided 2 

pg cytosolic protein/Smin. B. Adenosine accumulation was measured by incubating C6 

cells with 1 pM [3~]adenosine for 5-300 s in the presence of buffer (*), 1 pM ITU ( 0 )  or 

10 PM NHzdAdo ( i l ) .  Accumulation is expressed as pmoVmg cellular protein. Symbols 

represent means and error bars represent SEM. Expenments were performed at l e s t  two 

times in triplicate. 



Figure 12 



Figure 12:continued 

Determination of nucleoside transporter subtypes in wt-C6, rENT1-C6, rCNT2-C6 

and vector-C6 rat  glioma cells by inhibition of nucleoside accumulation and RT- 

PCR. [ 3 ~ ] ~ r i d i n e  accumulation was measured by incubating the wt-C6 (A), rENT 1 -C6 

(B) or rCNT2-C6 (C) with 1 pM [3~ur id ine  in ~ a '  (open bars) or NMG+ (shaded bars) 

buffer in the presence or absence of 100 n M  NBlMPR or 10 pM DPR for 5 min. RT-PCR 

analysis of total RNA fiom wt-C6, vector-C6, rENTLC6 or rCNT2-C6 celIs was 

perfomed for detection of rENTl (1 -76 kb product), rENT2 (1.67 kb product), rCNT2 

( 1 -43 kb product) or rGAPDH (343 bp product) transcript @}. Data in panels A-C are 

expressed as % control where control is 4.0 + 0.7,5.3 + 0.8 and 5.0 +: 1.2 pmol 

[3~]uridinelmg prot/ 5min in A, B and C, respectively. Syrnbols represent means and 

error bars represent SEM. Expenments were perfomed at least three times in duplicate. 



ITU inhibited [3~]uridine uptake with an apparent ICso value of 2.7-5.6 PM, with no 

statistically sispificant differences among the thee  ce11 types (fig 13a). NH2dAdo had 

similar effects on [ 3 ~ u n d i n e  uptake to ITU; ICso values of r 10 pM were obtained (fig 

13b). 

['~l~denosine uptake was performed using relatively long assays, 5 min, because 

AK activity accounts for most of the intracellular accumulation that occurs during this 

time period. In wt-C6 and rCNT2-C6 cells, inhibition of [3~adenosine uptake by ITU 

was evident onIy with concentrations 2 3 p M  and only 5045% inhibition was detected 

with 30 pM (fig 14a). However, in rENTLC6 cells, ITU produced biphasic inhibition of 

  l la de no sine uptake. The first component was observed with ITU at concentrations of 1 

- 300 nM and produced 30% inhibition of r3wadenosine uptalce with an ICso value of4.6 

nM (fig 14a). This IC50 value is very close to that obtained for inhibition of isolated AK 

by ITU (fis 1 1 a). At concentrations greater than 300 nM ITU, [3~]adenosine uptake was 

decreased fùrther, with a maximum of 76% inhibition observed with 30 pM (fig. 14A). 

Pre-treatment (5 min) of ENTIC6 cells with NBMPR (100 nM), completely blocked the 

effects of nanomolar concentrations of ITU (fig 14a) indicating that rENT1 was 

responsible for these effects. The h!!bition of [3~]adenosine uptake by NHzciAdo was 

similar in al1 three ce11 types (fig 14b). At 30 FM NH2dAdo,  la la de no sine uptake was 

inhibited by 40-60%. 

Whole ce11 adenosine kinase assays were performed to demonstrate that inhibition 

of  la la de no sine uptake by ITU or N-dAdo correlated to decreased  la la de ni ne 

nucleotide incorporation. In wt-C6 and ENTI-C6 cells, approximately 90% of 

[3~]adenosine accumulated by cells was metabolized to [)~]adenine nucleotide (fig 14c). 



1 OnM ITU significantly decreased the adenine nucleotide incorporation in ENTLC6 cells 

but not wt-C6 cells. lpM ITU significantly decreased [3Hladenine nucleotide formation 

in both the wt-C6 and ENTl-C6 cells but a significantly greater inhibition was seen in the 

ENTLC6 cells. No inhibition of adenine nucleotide incorporation was seen with 

NHidAdo at concentrations < 30 pM (data not shown). This dernonstrates that inhibition 

of [3~]adenosine uptake correlated to decreased incorporation into [-'~]adenine 

nucleo tides. 



Figure 13 

Figure 13: continued 



Effect of ITU or NH2dAdo on Srnuridine uptake in wt-C6, rENT1-C6 and rCNT2- 

C6 cells. [ 3 ~ ] ~ r i d i n e  accumulation was measured by incubating the wt-C6 (Ci), rENT1- 

C6 ( 0 )  or rCNT2-C6 (V) with 1 FM i3~uridine  for 5 min in the presence of ITU (lnM - 

30 PM) (A) or NHzdAdo (300 nM - 30 FM) (B). Data are expressed as % control. 

Control represents 5.5 + 0.9 (il), 9 k 2.2 (4 or 7.1 + 1.8 (V) pmol ['~]uridine/rn~ cellular 

proteidjmin in A or 4.2 f 0.7 (El), 4.9 + 1.0 (0) or 8.2 k 1.5 (V) pmol ['~]uridine/rn~ 

cellular proteid5min in B. Symbols represent means and error bars represent SEM. 

Experiments were performed at least three times in duplicate. 
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Figure 14: continued 

Effect of ITU or NHzdAdo on  la la de no sine uptake in wt-C6, rENTI-C6 and 

rCNT2-C6 cells. A. [ 3 ~ ] ~ d e n o s i n e  accumulation was measured by incubating wt-C6 

(O), rENT1 -C6 (0) or rCNT2-C6 (V) cells, or rENTi-C6 cells preincubated with 100 nM 

NBMPR(*, dashed line), with 1 pM [3~]adenosine for 5 min in the presence oEITU 

(1nM - 30 PM). B. [ 3 ~ ~ d e n o s i n e  accumulation was measured by incubating the wt-C6 

(O), rENT1 -C6 (0) or rCNT2-C6 (V) with 1 pM ['madenosine for 5 min in the presence 

of NH2dAdo (300 nM - 30 PM). C. Incorporation of r3~]adenosine into r3~]adenine 

nucleotides was measured using whole ceil AK assays in wt-C6 (open bars) and rENT1- 

C6 (hatched bars) celis in the presence of buffer, lOnM ITU or 1 pM ITU. Data are 

expressed as % control (A and B) or % total (C). Control represents 39 k 9 (Ci), 37 k 5 (e) 

or 44 k 6 (V) pmol [3~]adenosine/mg cellular protein/5min in A or 30 k 8 (Cl), 35 + 7 ( 0 )  

or 56 f 6 (V) prnol [3~]adenosine/mg cellular protein/5rnïn in B. Ln C, total represents 

11 5 + 14 (wt-C6) or 139 + 26 (rENTI -C6) pmoVmg cellular protein/5min. Symbols 

represent means and error bars represent SEM. Expenments were performed at least 

three times in duplicate. StatisticaI significance was determined between expenmental 

groups by ANOVA followed by Tukey's post hoc test (*** p<0.001 from control; # 

pc0.05 fiom wt-C6 ce11 at the same concentration). 



Discussion 

AK inhibitors, by blocking adenosine phosphorylation to AMP, c m  elevate 

adenosine levels and potentiate adenosine receptor activation (Kowaluk and Jarvis, 2000; 

Kowaluk et al., 1998). In this report, we demonstrated that expression of the nucleoside 

transporter rENTl ùicreased ITU-mediated inhibition of [3~]adenosine uptake compared 

to cells expressing rENT2 or rCNT2 nucleoside transporters. In contrast, NH2dAdo had 

çimilar potency for inhibition of ['wadenosine uptake in rat C6 glioma cells expressing 

different subtypes of nucleoside transporters. This study demonstrates that the effects of 

ITU, and potentially other AK inhibitors, are influenced by nucleoside transporter 

subtype expression. 

Adenosine uptake is the result of transport across the plasma membrane followed 

by intracellular metabolism. Under physiological conditions, adenosine metabolisrn is 

prirnarily to AMP by AK. Adenosine transportper se c m  be measured with rapid 

[3~adenosine  uptake intervals (cl%), while longer uptake intervals usually result in 

intracellular metabolic trapping of adenosine in the fom of adenine nucleotides. AK 

inhibitors, when used during longer accumulation intervals, would be expected to 

significantly decrease cellular accumulation of tr  la de no sine by decreasing its 

metabolism to [-'~]adenine nucleotides. Surprisingly, neither ITU nor NHzdAdo inhibited 

the uptake of ['H-jadenosine into C6 glioma cells durhg 5 min intervals. ITU inhibited 

isolated AK from C6 cells with an ICso value of 4 nM, which is similar to previously 

reported values (Jarvis et al., 2000; Wiesner et al., 1999). NKzdAdo inhibited isolated AK 

with an lCso value of 1.8 FM, which is 5-100 fold higher than previous reports (9.2 - 173 

nM) (Jarvis et al., 2000; Wiesner et al., 1999). This may indicate ce11 type or species 



differences in the amnity of NH&do for AK. It is clear, however, that NH2dAdo has 

poor ce11 penetrability and low potency for AK inhibition in C6 glioma cells (figs 1 1 b 

and 13b, (Jarvis et al., 2000)). ITU has been previously documented to have high ce11 

penetrability, which produces similar inhibitory profiles with whole ce11 and isolated AK 

(Jmis et al., 2000; Wiesner et al., 1999)- In our experiments, ITU appeared to permeate 

wt-C6 cells poorly as ITU did not decrease [3wadenosine accumulation unless 

concentrations were 1000-fold higher than the ICso value for isolated AK (compare fig 

1 1 a and 14a). The difference between the previous studies and Our study appears to be the 

nucleoside transporter subtypes present in the ce11 types used. The rat C6 glioma cells 

contain predominantly rENT2 nucleoside transporters while the previous studies used 

human neuroblastoma cells (Jarvis et al., 2000) and bovine endothelial cells (Wiesner et 

al., 1999), which contain ENTl nucleoside transporters (Jones et al., 1994), unpublished 

results, Sinclair and Parkinson). 

With rENTl or rCNT2 transfected Cd cells we tested whether nucleoside 

transporter subtype expression affected the potency and efficacy of ITU or N H d d o .  As 

AK inhibitors have been previously demonstrated to inhibit nucleoside transport directly 

(Davies and Cook, 1995; Henderson et al., 1972; Parkinson and Geiger, 1996; Wu et al., 

l984), we investigated the effects of ITU and NHtdAdo on the uptalie of 1 p M  

[3~]uridine, a nucleoside that is transported by rENT1, rENT2 and rCNT2 but is not 

rnetabolized by AK. ITU and NHzdAdo ïnhibited  lurid ri di ne uptake with ICso values of 

approximately 10 PM, indicating direct interaction of both AK inhibitors with the 

nucleoside transporters at micromolar concentrations. ITU and NHzdAdo have been used 

to inhibit A .  in rnany studies at concentrations of 10-50 FM. Our data suggest that, at 



these concentrations, some of the observed effects may be due to inhibition of r,ucleoside 

transporters. 

[ 3 ~ ] ~ d e n o s i n e  uptake during 5 min allowed us to investigate AK- and 

transporter-rnediated effects of ITU and m d A d o .  While ITU had similar effects in wt- 

C6 and rCNT2-C6 cells, it was much more potent in rENT1 -C6 at decreasing 

tra la de no sine accumulation. NBMPR, a potent and selective inhibitor of rENT1, 

inhibited the effects of nanomolar concentrations of ITU in the rENTLC6 cells. This 

finding indicates that transfection with rENTZ nucleoside transporters facilitated the 

cellular perrneation of ITU into C6 glioma cells. In contrast, transfection of the C6 cells 

with either rENT 1 or rCNT2 did not affect the potency of NH2dAdo. As NHzdAdo 

inhibited PX and nucleoside transport at similar concentrations, it is not possible to gain 

a tme understanding of the role of each nucleoside transporter subtype in NHzdAdo- 

mediated effects. 

AK inhibitors have been studied for their effects on heart rate, blood pressure, 

inflammation, pain, stroke and seizure activity (for review see (Kowaluk et al., 1998) or 

(Kowaluk and Jarvis, 2000)). The reported benefit of using AK inhibitors relative to 

adenosine receptor agonists is their proposed site- and event-specific properties, which 

produce decreased systemic effects such as alterations in heart rate and blood pressure. 

Our results demonstrate a mechanism through which AK inhibitors swch as ITU c m  have 

cell or tissue selective sites of action based on nucleoside transporter subtype distribution 

and expression. As other AK inhibitors are in late pre-clinical and early clinical 

development (Kowaluk and Jarvis, 2000), it is important to determine the role of the 

different nucleoside transporters in the effects mediated by these compounds. 



Chapter 5: Purine uptake and Release in Rat C6 Glioma Cells: Nucleoside transport 

and Purine Metabolism under ATP Depleting conditions 

Published in the Journal of Neurochemistry (Sinclair et al., 2000b) 



Abstract 

Adenosine, through activation of membrane bound receptors, has been reported to 

have neuroprotective properties during strokes or seizures. The role of astrocytes in 

replating brain interstitial adenosine levels has not been clearly defined. We have 

determined the nucleoside transporters present in rat C6 glioma cells. RT-PCR analysis, 

['~]nucleoside uptake experiments and [-'~]nitrobenz~lthioinosine (NBMPR) binding 

assays indicated that the primary functional nucleoside transporter in C6 cells was 

rENT2, an equilibrative nucleoside transporter that is relatively insensitive to inhibition 

by NBMPR. [ 3 ~ ] ~ o m y c i n  B, a poorly metabolized nucleoside analogue, was used to 

investigate nucleoside release processes and rENT2 transporters rnediated [ '~]form~cin 

B release fiom these cells. Adenosine release was investigated by first loading cells with 

 la la de ni ne to label adenine nucleotide pools. Tritium release was initiated by inhibiting 

glycolytic and oxidative ATP generation and, thus, depleting ATP levels - Our results 

indicate that during ATP depleting conditions, AMP catabolism progressed via the 

reactions AW + IMP + inosine + hypoxanthine, which accounted for >90% of the 

evoked-tritium release. Supnsingly, adenosine was not released during ATP depleting 

conditions. However, inhibition of AMP deaminase/adenosine deaminase or purine 

nucleoside phosphorylase during ATP depletion produced release of adenosine or 

inosine, respectively, via the rENT2 transporter. This indicates that C6 glioma cells 

possess primarily rENT2 nucleoside transporters that h c t i o n  in adenosine uptake but 

intracellular metabolism prevents the release of adenosine fiom these cells even during 

ATP-depleting conditions. 



Adenosine is an endogenous nucleoside that is present in brain at concentrations 

of 40 - 460 nM (Ballarin et al., 1991) during physiological conditions and increases up to 

100-foId during ATP-depleting conditions, such as ischemia (Parkinson et al., 2000). 

Adenosine interacts with a family of four receptor subtypes and activation of Al 

receptors, in particular, is associated with neuroprotection dwing ischemia (Rudolphi et 

al., 1992; Schubert et al., 1994; Von Lubitz, 1999). The use of adenosineper se or 

adenosine receptor agonists as neuroprotective agents is limited b y s ystemic side e ffects 

such as decreased heart rate and blood pressure (Von Lubitz, 1999). Inhibitors of celIular 

adenosine uptake or adenosine metabolism have been proposed as site- and event-specific 

agents for increasing adenosine levels in the b r i n  interstitium (Geiger et al., 1997) and 

such compounds are predicted to have fewer systemic side effects than receptor agonists. 

However, the role of specific ce11 types for adenosine uptake, release and metabolism in 

brain are poorly characterized. 

Adenosine is formed primarily by dephosphorylation of ATP via intermediate 

formation of ADP and AMP. Extracellular adenosine has been reported to originate either 

fiom cellular release of adenosineper se or fkom extracellular metabolism of adenine 

nucleotides (Fredholm, 1997). During ischemia, release of adenosine per se is thought to 

be the quantitatively more important source of extracellular adenosine (Whittingham, 

2 990). Cellular release of adenosine occurs via nucleoside transporters, which are 

membrane proteins that mediate transmembrane fluxes of purine and pyrimidine 

nuc!eosides, including adenosine. These transporters are broadly categorized into two 

classes: concentrative and equilibrative. Concentrative nucleoside transporters, of which 

six subtypes have been characterized, are ~a+-dependent and couple influx of adenosine 



or other nucleosides to influx of ~ a + ( c a s s  et al., 1998; Geiger et al., 1997). Two 

equilibrative nucleoside transporter subtypes have been characterized and cloned. Both 

transport purine and pyrimidine nucleosides across plasma membranes in a direction 

dictated by their concentration gradients. The equilibrative transporters are two unique 

gene products and are functionaiiy differentiated based on their sensitivity to 

nitrobenzylthioinosine (NBMPR). ENTl (equilibrative nudeoside fiansporter 1; cloned 

es transporter) is sensitive to low nanomolar concentrations of NBMPR while ENTS (ei 

transporter) is relatively insensitive to NBMPR, with ICso values >1 pM (Griffith and 

Jarvis, 1996). Both ENTl and ENT2 have been reported to have broad distribution in rat 

brain, including both neurons and astrocytes (Anderson et al., 1999a; Anderson et al., 

1999b). Many studies have demonstrated that ENT1 can mediate the cellular release of 

adenosine (Gu et al., 1995; Sinclair et al., 2000a); however, sirnilar investigations of 

ENT2 are Iimited. 

The objectives of this study in rat C6 glioma cetls were to determine the 

nucleoside transporters present in these cells, to investigate the efflux of purines and to 

characterize purine catabolic pathways duruig ATP-depleting conditions. Astrocytes 

have been reported to have a greater capacity for adenosine uptake than neurons (Bender 

and Hertz, 1986); therefore, astrocytes may be an important regulator of adenosine levels 

during ischemia-like conditions. Rat Cd glioma cells were chosen for these experïments 

because they exhibit Iow levels of adenine nucleotide release (Coû-ina et al., 1998b), a 

potential nucleoside transporter-independent source of extracellular adenosine. Our 

results demonstrate 1) that C6 glioma cells express ENT2, which are capable of 

nucleoside uptake and release, and 2) dunng ATP depletion, ATP metabolism occurs via 



an IMP pathway resulting in formation and release of  hypoxanthine, rather than 

adenosine. 

Materials and Methods 

Materials 

PCR primers, low and high glucose Dulbecco's modified Eagle's medium 

(DMEM), fetal bovine senun (FBS), Moioney murine leukemia virus (MMLV) reverse 

transcriptase, oligo (dT)It_is and random prhers DNA labeling kits were purchased from 

Life Technologies (Burlington, Ontario). The SNAP RNA isolation kit was purchased 

from Invitrogen (Carlsbad, CA). Ready To GoTM PCR beads were purchased fiom 

Arnersharn Pharrnacia Biotech (Piscataway, NJ). 2-Arnino-1,5-dihydro-7-(3- 

pyridinylrnethyl)-4H-pyrrolo[3,2,-d]pyridin-4-one (BCX-34; peldesine) was a generous 

gift kom Dr. Phillip Morris of Biocryst Phaxmaceuticals (Birmingham, Alabama). 

[' H]   de no si ne, [)HI formycin B, [)~]adenine and [-'H]NBMPR were purchased from 

NEN Life Sciences (Mississauga, Ontario). Silica Gel GF TLC plates were purchased 

from Fisher Scientific (Whitby, Ontario). Erythro-9-(2-hydroxy-3-nony1)adenine 

hydrochloride (EHNA), dipyridamole (DPR), nitrobenzylthioinosine (nitrobenzyl- 

mercaptopurine riboside, NBMPR) and nitrobe~lthioguanosine were purchased fkom 

Research Biochemicals International (Natlick, MA). Al1 other compounds were 

purchased from the Sigma Chemical Co. (St. Louis, MO). 

RT-PCR Anaiysis 



Total RNA was isolated fkom rat C6 glioma cells using the SNAP RNA isolation 

kit and treated with DNase 1. cDNA synthesis was performed at 37OC for 60 min with a 

total reaction volume of 60 pl consisting of 300 ng 0ligo(dT)1~.18 primer, 5 pg total RNA, 

3 mM dNTPs, 6.7 pM dithiothreitol @TT), 50 mM Tns-HCI (pH 8.3), 75 mM KCl, 3 

mM MgCl2 and 3.3 Units MMLV reverse transcriptase. Control reactions were 

performed by omitting reverse transcriptase. 

For PCR, control and reverse transcriptase-treated solutions (2 pl) were arnplified 

using Ready To GoTM PCR beads. The amplification consisted of 30 cycles of: 30 s at 

94OC, 30 s at 56OC and 1 min at 72OC. A final 10 min 7 2 T  elongation step followed and 

samples were held at -9°C then analyzed by electrophoresis on a 1 .O% agarose gel. DNA 

bands were viewed and photographed under W light following ethidium bromide 

staining. 

rENT1 was amplified with the 5' primer 5'-CACCATGACAACCAGTCACCAG 

-3 ' and the 3 ' primer 5'-TGAAGGCACCTGGTTTCTGTC -3' to produce a 1 -76-kb 

product. rENT2 was amplified using the 5' primer 5'-TTACCCAACCTGCACCCTCTC 

-3 ' and the 3 ' primer 5'-GTAGCCACATTGCATATGGTGA -3 ' to produce a 1 -67-kb 

product (Yao et al., 1997). The presence of mRNA for glyceraldehyde-3'-phosphate 

dehydrogenase (GAPDH), a ubiquitous housekeeping gene, was used as a loading 

control, and was detected using the 5' primer 5'-GCTGGGGCTCACCTGAAGGGG-3' 

and the 3' primer 5'-GGATGACCTTGCCCACAGCC-3' to amplifi a 343-bp DNA 

product (bases 346 to 688) fiom the rat GAPDH cDNA. 

Nucleoside Uptake Assays 



Rat C6 glioma cells were cultured as previously described (Stanness et al., 1997) 

in 24-well plates until confluent. Cells were washed twice in physio:ogical buffer (in 

mM; NaC1, 1 18; HEPES, 25; KC1,4.9; K m 0 4 ,  1.4; MgC12, 1.2; CaC12, 1; glucose, 1 1 ; 

to pH 7.4 with NaOH) or bufEer in which NaCl was replaced with N-methylglucamine 

(NMG). Cells were incubated with  la la de no sine (1 FM) or  [ - ' ~ ] f o m ~ c i n  B (10 PM) in 

250 pl of ~a or NMG' b a e r  for times ranging fiom 0-300 sec. To examine the effect 

of nucleoside transport inhibitors, cells were exposed to graded concentrations of 

NBMPR or DPR (1 nM - 30 PM) prior to and during the uptake assays. To examine the 

effect of ATP depletion, cells were treated with 5 mM IAA and 1 mM NaCN in glucose- 

free buffer for 10 min pnor to [3~]adenosine uptake. For kinetic analysis of 

[3~]adenosine uptake, cells were incubated with graded concentrations of [-'~]adenosine 

(300 nM - 30 pM) for 1 min. To tenninate uptake, the extracellular solutions were 

aspirated and the cells were rapidly washed &ce with ice-cold ~ a '  or NMG' buffer. 

Cellular protein was dissolved by incubating cells ovemight with NaOH (1M; 500 pl) at 

37°C. Separate aliquots of the dissolved cells were used for protein determination, using 

the Bradford assay, and for liquid scintillation spectroscopy. Uptake values were 

deterrnined frorn the radioactivity in the dissolved cells and are expressed as pmoVmg 

cellular protein using the specific activity of the uptake buffer. 

Ntt  cleoside Release Assays 

Release assays were performed with confluent C6 cells cultured in 24-well plates. 

Cells were washed twice in ~ a +  buffer then incubated with  la la de ni ne (10 PM) or 

['HI formycin B (1 0 PM) at 22OC. This inwardly-directed concentration gradient resulted 



in tritium accumulation within the cells. Mer 30 min, cells were washed twice with 

buffer to remove extracellular tritium. Cellular release of [ 3 ~ ]  formycin B was initiated b y 

incubating the cells in fresh buffer, thus providing ai1 outwardly-directed concentration 

gradient. As ['~]adenine is rapidly metabolized to [3~]adenine nucleotides by these 

ceIls, cells were treated with glucose-free bdEer alone or with the glycolytic inhibitor 

IAA (5 rnM) and the oxidative phosphorylation inhibitor NaCN (1 mM) to stimulate 

metabolisrn of r3wadenine nucleotides and release of the [3mpurine metabolites. Trypan 

blue exdusion staining indicated no significant difference in viability (2 90%) between 

buffer treated and M a C N  treated cells (data not shown). The effects of the 

nucleoside transport inhibitors DPR (1 n M  - 30 PM) or NBMPR (1 n M  - 30 PM) on 

[3~]pux-ine release were tested. In addition, the contribution of specific enzymes to the 

metabolisrn and release of 13~lpurines was examined using 1 pM EHNA to inhibit 

adenosine deaminase, 100 pM EHNA to inhibit both adenosine deaminase and AMP 

deaminase (Fishbein et al., 198 l), and 10 PM BCX-34 to inhibit purine nucleoside 

phosphorylase (Pm) (Jurkowitz et al., 1998). In some experiments cells were treated 

with IAA and NaCN then washed and returned to ~ a +  buffer to mimic a retum to 

nomoxic conditions. [ 3 ~ ] ~ u r i n e  release into the extracellular media was quantified by 

liquid scintillation spectroscopy and thin layer chrornatography. Cells were dissolved in 

NaOH and analyzed for protein content, Release data are expressed as prnoVmg cellular 

protein using the specific activity of the loading buffer. 

Thin Layer Chromatogruphy 



The method of Schrader and Gerlach (Schrader and Gerlach, 1976) was used to 

identi@ the  urines released f?om C6 cells. Bnefly, n-butanol, ethyl acetate, 

methanol and ammonium hydroxide (7:4:3 :4) were mixed, placed in a TLC tank and 

allowed to equilibrate for 90 min. Extracellular media (20 pl) obtained fiom the 

nucleoside release assays was spotted onto Silica Gel GF plates with 5 pl of cold carrier. 

CoId carrier consisted of 15 mM each of adenosine, inosine, hypoxanthine, adenine and 

AMP, 7.5 mM uric acid and 6.5 rnM xanthine. Plates were run for 3 hours, and samples 

migrated in the order AMP/uric acid, inosine, xanthine, hypoxanthine, adenosine and 

adenine. Spots were outlined under ultraviolet light, scraped, transferred to scintillation 

vials and 500 pl of 0.2 M HCI was added to each tube. Afler 1 hr, scintillation fluid (5 

ml) was added and radioactivity was detennined using scintillation spectrornetry. 

Adenosine deaminase and AMP deaminase assays 

Adenosine deaminase and AMP deaminase assays were performed as previously 

described (Martinek, 1963; Padua et al., 1990). Brie@, Cd cells were homogenized in 

0.2M phosphate buffer (pH 7.4), and hornogenate protein was adjusted to 0.5 mg/ml. 50 

pL of hornogenate was combined with 50 pL of 0.2M phosphate buffer containing either 

20mM AMP (for AMP deaminase) or 1mM adenosine (for adenosine deaminase) in the 

presence or absence of 0.1-500 p M  EHNA for 60 min at 37OC. The reactions were 

terminated with 500 pL of phenol color reagent consistïng of 1% (wtkol) phenol and 

0.005% (wthol) sodium nitro ferricyanide in water. Maximal color fiom the reaction 

developed in 1Smin at 37OC upon the addition of 500 pL of a solution containing 0.125 

M NaOH and 0.042% sodium hypochlonte. The amount of activity for either enzyme 



corresponded stoichiometrically (1 : 1) with the production of ammonia. Standard 

calibration curves for ammonia production were calculated using ammonium sulfate. 

AMP deaminase or adenosine deaminase activity was determined measuring absorbance 

at 650nM with a Molecular Devices Emax precision microplate reader. 

r3 H~NBMPR binding assays 

Cells were washed with ~ a +  buffer then incubated (22 OC) with 0.1 - 5 RM 

[ 3 ~ ] ~ ~ M P ~  in the absence or presence of 1 pM nitrobe~lthioguanosine. AAer a 1 hr 

incubation interval, cells were washed twice with ice-cold Na7 buffer then dissolved with 

NaOH. Samples were analyzed for both tritium and protein content. 

Data Analysis 

Each expenment was performed at least three times in duplicate or triplicate, 

unless othenvise stated. All vaIues are expressed as means + S.E. and statistical 

significance was determined by ANOVA followed by Bonferroni's post hoc test. 

Statistical analyses were performed using the software package GraphPad PRISM 

Version 2.0. 



Results 

[3~]~trc~eoside uptake 

To identifjr the nucleoside transporter subtypes present in rat C6 glioma cells we 

performed ['H] adenosine and [31Tjformyci.n B uptake experiments. [ 3 ~    de no sine 

accumulation in C6 cells was linear for time intervals up to 5 min (figure 1 SA, 1 5B and 

15C). This could indicate either concentrative transport or equilibrative transport 

fo llowed b y intracellular metabolisrn of [)~]adenosine to [)~]adenine nucleo tides (figure 

19; reaction 7). To distinguish between these possibilities, we first used the poorly 

metabolizable nucleoside transporter permeant [3~]formycin B. The accumulation of 

[ '~]form~cin B was saturable indicating accumulation via an equilibrative transporter. 

[ ' ~ ] ~ o r m ~ c i n  B accumulation in the C6 cells had a t~ of 60 + 9 s and maximal 

accumulation of 56 + 3 pmoVmg protein. Second, the presence of concentrative ~ a ' -  

dependent transport was uivestigated by replacing NaCl in the buffer with NMG'. At 

intervals up to 5 min, [3~]adenosine accumulation was not significantly affected by ~ a +  

substitution (figure 15B). Third, depletion of intracellular ATP is another method of 

abolishing concentrative nucleoside transport (Ohkubo et al., 1 99 1 ; Tharnpy and Barnes, 

1983a); however, treatrnent of C6 cells with 5 mM IAA and 1 mM NaCN had no 

significant effect on [3~]adenosïne uptake (figure 15C). Thus, no evidence for 

concentrative, ~a+-dependent nucleoside transport was found in these cells. 

Concentration-dependent accumulation of adenosine (0.3-30 FM) in 1 min had a Km 

value of 12 11 1 pM and a V, value of 157 + 23 prnoVmg proteidmin (figure 15D). 

To determine which equilibrative nucieoside transporter subtypes are present in C6 cells, 

we performed RT-PCR using rENTl or rENT2 sequence-specific pnmers, assayed 



inhibition of [3~adenosine or [3~formycin B accumulation by DPR or NBMPR, and 

tested for specific binding of [.'H]NBMPR. RT-PCR analysis of C6 ce11 total RNA 

indicated that rENT2 was the predominant nucleoside transporter as a strong band was 

seen at 1.67 kb using rENT2 primers while a very weak band was seen at 1.76 kb using 

rENTl pnmers (figure 16A). NBMPR inhibited the accumulation of [-'~]adenosine (1 

PM; 1 min) with an ICso value of 1 .O5 t 0.25 PM while DPR had an ICjo value of 1 19 +. 

17 nM (figure 16B). Sunilar results were seen for the inhibition of [3~formycin B 

accumulation with 1Cs0 vaiues for NBMPR and DPR of 5.5 + 0.75 p M  and 152 t 42 nM, 

respectively (figure 16C). Specific binding of [ 3 1 3 1 ~ ~ ~ ~ ~  was not detected in C6 cells 

(data not shown). Thus, RT-PCR analysis, ICso values for NBMPR of 2 1 pM and the 

lack of specific binding sites for ['HINBMPR indicate that rENT2 is the predominant 

nucleoside transporter in C6 cells. 

( 3 ~ ] ~ t r r i n e  release 

ENTl transporters have been reported to mediate both accumulation and release 

of nucleosides (Gu et al., 1996; Sinclair et al., 2000a) but similar data is not availabte for 

ENT2. Therefore, we examined the cellular release of [3~]formycin B from C6 glioma 

cells. A hyperbolic release profile was obsewed (figure 17A) and [3~]formycin B release 

in 1 min was blocked by DPR and NBMPR with ICso values of 370 f 12 n M  and 3.3 t_ 

0.4 PM, respectively (figure 1 7B). 

To determine if rENT2 transporters can mediate [3~]adenosine release fiom C6 

cells, we used ATP depleting conditions, which have been used previously to elevate 
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Figure 15: continued 

Accumulation of 1 p M  [3EKladenosine or 10 FM ['~]forrn~cin B in C6 cells. 

Nucleoside accumulation was measured by incubating C6 cells with 1 pM 

[3~]adenosine or 10 pM [ '~]form~cin B for 5-300 s (A). ~a+-dependent 

transport was investigated in C6 cells by replacing NaCl with NMG+ as descnbed 

in the text (B). Cells were treated for IO min with 5 mM IPLA and 1 mM NaCN to 

deplete the cells of ATP and accumulation of 1 pM [-'~]adenosine was examined 

(C). Concentration-dependent accumulation of ['H-jadenosine (0.3-30 PM) during 

1 min time intervals was analyzed by double reciprocal analysis (D). 

Accumulation is expressed as pmol/mg cellular protein. Symbols represent 

rneans and error bars represent SEM. Experiments were perfomed at least three 

times in duplicate. 



intraceilular adenosine levels and to initiate adenosine release @aval et al., 1980; Reyes 

et al., I 995). To radiolabel adenine nucleotides without activating adenosine receptors, 

we incubated C6 cells with 10 FM r3~adenine  for 30 min. Intracellular r3~]adenine 

nucleotides accounted for approximately 95% of the total tritium within the cells (n=2). 

Cells were then treated for 10 min with 5 mM IAA and 1 mM NaCN to block glycolytic 

and oxidative ATP generation. This resulted in net catabolism of r3~]adenine 

nucleotides (Ogata et al., 1995). Previously, we used this protocol to stimulate 

[ '~adenosine release fiom DDTi MF-2 smooth muscle cells (Sinclair et al., 2000a). 

This protocol increased the release of [3~]purines nom C6 cells; however, NBMPR and 

DPR had no inhibitory effects on this release (figure MA). TLC analysis of the 

extracellular medium of IAA/NaCN-stimulated cells indicated that this treatment 

protocol resulted prirnarily in the cellular release of [3~]hypoxanthine and not 

[3~]adenosine (table 5; experiment 2A). HPLC analysis confirmed that the release of 

endogenous purines matched the release of [3~]purines (data not shown). 

A recent report using primary cultures of rat astrocytes demonstrated that 

hypoxia/hypoglycernia induced the release of hypoxanthine; however, returning the cells 

to normoxic/normoglycemic buffer induced cellular release of both hypoxanthine and 

adenosine (Ciccarelli et al., 1999). We investigated this phenornenon in C6 cells and 

found a 465% increase in release of [3~pur ines  from cells exposed first to IAANaCN 

and then to buffer relative to cells exposed to buffer alone (figure 18B). Cells that were 

only exposed to IAAMaCN exhibited an intermediate level of purine release, 1 10 + 25 % 
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Figure 16: continued 

Determination of equilibrative nucleoside transporter subtypes in Cd rat glioma 

cells by RT-PCR and inhibition of nucleoside accumulation. RT-PCR analysis of 

total RNA for presence of rENT1 (1.76 kb product) or rENT2 (1 -67 kb product) transcnpt 

was performed as described in the text (A). [ '~]~ucleoside accumulation was rneasured 

by incubating the C6 cells with 1 pM [)~]adenosine (B) or 10 pM [- '~]form~cin B (C) 

for 1 min in the presence or absence of O. 1 nM- 10 FM concentrations of NBMPR 

(closed circle) or DPR (open triangles). DPR and NBMPR inhibited [3~]adenosine 

accumulation with ICso values of 1 19 + 17 nM and 1.2 + 0.25 FM, respectively, and 

inhibited [ '~]forrn~cin B accumulation with ICso values of 152 + 42 nM and 5.5 f 0.75 

PM, respectively. Data in B and C are expressed as prnol/mg cellular protein. Syrnbols 

represent means and error bars represent SEM. Experiments were performed at least 

thee times in duplicate. 



Figure 17 
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['HI ~ o r r n ~ c i n  B release from C6 cells. Cells were loaded for 30 min with 10 

FM [-'~]forrnycin B, rinsed and placed into buffer for 5-120s (A) or in buffer containing 

graded concentrations (0.1 n M  - 10 pM) of NBMPR or DPR for 1 min (B). 

[ 3~ ]~o r rnyc in  B release was inhibited by DPR (closed circles) and NBMPR (open 

squares) with ICjo values of 370 f 12 n M  and 3.3 I 0.4 PM, respectively. Data in (A) are 

expressed as prnol [3~]forrnycin B releasedl mg cellular protein. Data in (B) are 

expressed as a percentage of release into buffer alone (control, C); control values were 

11 8 f 28 pmoi/min/mg protein. Symbols represent means and error bars represent SEM. 

Experiments were performed at least three times in duplicate. 



increase over buffer treated cells. While DPR had no significant effect on purine release 

induced by W a C N  treatment, release evoked by removal of W a C N  was 

inhibited by approxirnately 50% (figure 18B). TLC analysis indicated that the increase in 

tritium release afier removal of IAA/NaCN was due to [3Hlinosine (table 5; experiment 

2B); thus, in contrast to the previous study (Ciccarelli et al., 1999), we found no evidence 

for release of [3~]adenosine during or following IAPJNaCN treatrnent. 

We investigated further the lack of [-'~]adenosine release fiom IAANaCN- 

stimulated C6 cells by examining the roles of adenosine deaminase, AMP deaminase and 

PNP in the production and release of [3~purines. The role of adenosine deaminase was 

investigated with 1 pM EHNA, which inhibited adenosine deaminase in these cells by 

-90% (n=2). EHNA (1 FM) alone or in combination with 10 pM DPR did not attenuate 

either the increase in  aden urine release during IAAMaCN treatment or following retum 

to ~ a *  buffer (n = 4 ,  data not shown). This indicates that [3~hypoxanthine production 

was not via intermediary formation of [3~adenosine, but that catabolism occurred by the 

pathway AMP + IMP + inosine + hypoxanthine (shown in dark arrows in figure 19). 

The role of AMP deaminase was investigated using 100 FM EHNA, which inhibited 

AMP dearninase by -90% (n=2) as well as adenosine dearninase. EHNA (100 FM) did 

no t signi ficantly affect iAA/NaCN-induced ['HIpurine release, suggest ing that AMP was 

metabolized by AMP-preferring 5'nucleotidase to adenosine (figure 19; reaction 6) which 

exited the cells via rENT2 nucleoside transporters. Following removal of I M a C N ,  

100pM EHNA inhibited release by 75% (table 6; experiment 3B), indicating reduced 

adenosine formation and release during these conditions. Thus, with AMP deaminase 

inhibited and ATP-depleting conditions removed, AMP kinase (figure 19; reaction 8) 



activity rnay have resumed in addition to AMP-preferring 5 'nucleo tidase ac tivity. EHNA 

(100 PM) in conjunction with 10 pM DPR was able to inhibit the increase in [-'flpurine 

release induced during IAA/NaCN treatment and following r e m  to ~ a +  buffer by 78% 

and 96%, respectively (table 6; experiments 4A and 4B). The effect of DPR was greater 

in the presence of IAA/NaCN (table 6; compare experiments 3A and 4A) than following 

their removal (table 6; compare experiments 3B and 4B). This provides M e r  evidence 

that, in the presence of 100 pM EHNA to inhibit AMP deaminase, a greater arnount of 

adenosine was produced in the presence than following removal of IAAINaCN. 

PNP consumes inorganic phosphate to convert inosine to hypoxanthine and 

ribose- 1 -phosphate. The role of PNP in  rine ne release was investigated with the ce11 

perrneable PNP inhibitor BCX-34 (10 FM) (Jurkowitz et al., 1998; Litsky et al., 1999; 

Morris and Montgomery, 1998). Similar to 100 FM EHNA, BCX-34 (1 0 PM) did not 

significantly affect the IkUNaCN-mediated release of  urines (table 6; experiment 

5A) but caused a 35% inhibition of the release that occurred following removal of 

1.4ABiaCN (table 6; experiment SB). Thus, with PNP inhibited and ATP-depleting 

conditions removed, inosine release was decreased possibly due to product inhibition of 

IMP-preferring Ynucleotidase (Worku and Newby, 1982). In combination with DPR, 

BCX-34 inhibited the increase in i 3~ lpunne  release both during M a C N  treatment 

and following return to ~ a +  buffer by 78% and 91%, respectively (table 6; experiments 

6A and 6B). Thus, the experiments during and following ATP-depleting conditions 

indicate that [3~]inosine and [3~hypoxanthine were produced prirnarily by an AMP 

deaminase-dependent pathway not an adenosine deaminase-dependent pathway (figure 

19; reactions 1 and 2). 



A: 0-10 min 

Figure 18 

B: 10-20 min i55  

Effect of nucleoside transport inhibitors on purines released from C6 cells 

during or following treatment with IAA and NaCN. (A) Cells were loaded for 30 min 

with 10 pM  la la de ni ne, rinsed and resuspended into buffer or 5 rnM IAA and 1 mM 

NaCN in the presence or absence of 10 pM DPR or 10 pM NBMPR for 10 min (0-10 

min interval). Supematants were removed and analyzed for tritium content. (B) Cells 

treated with IANNaCN (open bars) or W a C N  plus DPR (hatched bars) for the first 

10 min interval were washed and placed into buffer or W a C N  in the absence or 

presence of IO pM DPR as indicated for another 10 min (10-20 min interval). 

Supematants were again removed and analyzed for tritium content. Data are means + 
SEM and are expressed as percentages of control values (buffer-treated cells) for the 0-1 0 

or 10-20 min intervals. Control values were 177 f 22 pmol/mg protein for 0-10 min and 

87 +_ 19 prnoYmg protein for 10-20 min. Statistical significance was determined by 

ANOVA followed by Bonferroni's post hoc test (*** peO.001 fiom respective control 

value; 555 pc0.001 fiom buffer). Expenments were performed at least 4X in duplicate. 



Table 5 

TLC analysis of purines released (pmoVmg protein) from rat C6 glioma cells 

Treatment Inosine Hypoxantbiae Adenosine Adenine 

A) Buffer 2 1 f  6  2 8 i 7  8 + 3  23 I 7 

.............................. ------------------ ----------___-------- ----------------- _ _ _ _ _ _ _ _ _ - _ _  
B) Buffer 1926  t 2 0 I 9  l 16+6  t 11 + 4  

------------------------------ --------------------- ----------------- ------------ 
B) Buffer 168&14*** / l l t 4  1 1 3 + 4  

.............................. - - - _ & - & _ _ _ _ - _ - - - - - - - -  

B) DPR 148 t 16 *** 

Cells were loaded with 10 pM [.'~]adenine for 30 min then rinsed and incubated 

with buffer (experiment 1 A), 5 mM MA and 1 mM NaCN (expetitnent 2A) or IAA, 

NaCN and 10 pM DPR (experiment 3A). M e r  10 min, solutions were removed and 

analyzed by TLC for purine content. Cells in expenmental expenments 1B and ZB were 

washed and placed into buffer; cells in experiment 3B were washed and incubated with 

10 pM DPR. After 10 min solutions were again removed and analyzed for purine 

content. TLC analysis was perfonned as described in the text. AMP/uric acid and 

xanthine were below detectable levels. Data are expressed as pmol purine releasedmg 

cellular protein. Statistical significance was determined between experimental groups 

during the same time interval by ANOVA followed by Bonferroni's post hoc test (* 

p<0.05, *** p 4 . 0 0  1 from experiment 1  ; 555 p'0.00 1 fkom experiment 2; n=3) 



Figure 19 

Schematic diagrarn of IANNaCN-induced t ~ ] ~ u r i n e  pathways in rat C6 glioma 

cells. Bold arrows represent the pathways of purine metabolism during 5 mM IAA and 1 

rnM NaCN treatment. Dashed arrows represent pathways that are only detected in the 

presence of 100 pM EHNA. Narrow arrows represent metabolism of either 

[3~]adenosine or [3~]adenine during loading phase. ADO- adenosine; 1'0- inosine; HX- 

hypoxanthine; rENT2- rat equilibrative nucleoside transporter 2; NBT 1- adenine 

prîferring nucleobase transporter; NBT 2- hypoxanthine prefemng nucleobase 

transporter; 1 - adenosine deaminase; 2 - AMP deaminase; 3 - IMP prefemng 

5'nucleotidase; 4 - purine nucleoside phosphorylase; 5 - adenine 

phosphoribosyltransferase; 6 - AMP prefemng S'nucleotidase; 7 - adenosine kinase; 8 - 

AMP kinase; 9 - ADP kinase. 



Table 6 

Effect of inhibition of adenosine deaminase and AMP deaminase or purine 

nueleoside phosphorylase on IAANaCN-evoked [3~]puriae release @moVmg 

protein o r  Oh control). 

Expt r 
------------------------------------------------- -------------------------- ........................ 
B) Buffer I 299 + 16 7 100 t4 

Treatment 

------------------------------------------------- -------------------------- ........................ 
B) DPR 1 164k I l  *** t 55 k 4 *** 

['A J pu rines 

------------------------------------------------- 
B) EHNA I 77 + 15 *** I 25 I 5 *** 

% Control 

A) IAA/NaCN + EHNA 174 + 24 

A) IANNaCN + EHNA + DPR 

75 + 10 

54 + 17 ***, 555 22 + 6 ***, 555 



Table 6: continued 

Cells were loaded for 30 min with 10 FM r3~adenine,  cinsed and incubated with buffer 

containing 5 mM MA and 1 mM NaCN (experiment 1A) or in the added presence of 10 

FM DPR (experiment 2A), 100 pM EWNA (experiment 3A), DPR and EHNA 

(expenment 4A), 10 p M  BCX-34 (experiment SA) or  DPR and BCX-34 (experiment 

6A). Afier 1 O min, solutions were removed and analyzed for [3~]purines using 

scintillation spectroscopy. Cells were washed and incubated with buffer (experiment 

lB), DPR (experiment 2B), EHNA (experiment 3B), EHNA + DPR (experiment 4B), 

BCX-34 (experirnent SB) or BCX-34 + DPR (experiment 6B). Note the absence of IAA 

and NaCN in the second incubation interval. After 10 min solutions were again removed 

and analyzed for [ '~]~urines.  [ 3 ~ ~ u r i n e s  are expressed as pmol purine releasedmg 

cellular protein. Statistical significance was determined between groups during the same 

time interval by ANOVA followed by Bonferroni's post hoc test (*** p<0.001 kom 

experirnent 1 ; <cg p~0.001 fkom experiment 3; SS6 p<0.00 1 fkom experiment 5; n = 10 for 

experiments 1 and 2, n = 4 for experiments 3 and 4, n = 6 for expenments 5 and 6). 



Discussion 

A main finding of this study was that rat C6 glioma cells express nucleoside 

transporters prùnarily of the ENTZ-subtype. While these transporters are bidirectional, as 

indicated by both uptake and release of the purine nucleoside [3~]formycin B, ATP- 

depleting conditions did not induce cellular release of adenosine. Our evidence indicates 

that AMP was metabolized to IMP via AMP deaminase, IMP was dephosphorylated to 

inosine by IMP-preferring S'nucleotidase and inosine was phosphorolyzed to produce 

hypoxanthine and ribose-1-phosphate. Hypoxanthine and lesser quantities of  inosine were 

released fiom the C6 cells. 

C6 cells exhibited a linear rate of accumulation of adenosine for time intervals up 

to 5 min. However, as removal of ~ a '  or depletion of intracellular ATP had no effect on 

adenosine accumulation, the apparent concentration of adenosine within C6 cells was 

likely due to intracellular metabolism and presewation of an inwardly-directed 

concentration gradient for adenosine rather than the presence of ~a+-de~endent  

nucleoside transporters. Previously, ~a+-dependent nucleoside transport has been 

reported in primary cultures of rat cerebellar and spinal cord astrocytes (Hosli and Hosli. 

1988) but not in cortical or hippocampal astrocytes fiom human, rat or chick brain (Gu et 

al., 1996; Ohkubo et al., 1991; Tharnpy and Barnes, 1983a). 

Kinetic constants for adenosine transport have been reported for astrocytes fiom a 

variety of species and brain regions. Our data indicate a Km value of 12 pM and a V,, 

value of 156 prnol/min/mg protein. Previously, Km values of 3.4 - 12 pM and V,, 

values of 150 - 360 pmoi/min/mg protein were reported for primary cultures from 

hurnan, mouse and chick (Bender and Hertz, 1986; Gu et al., 1996; Hertz, 1978; Matz 



and Hertz, 1990; Thampy and Barnes, 1983a). Thus, adenosine transport kinetics appear 

simiIar among C6 cells and astmcytes fiom several species. 

Rat brain is known to express high levels of rENT2; most studies report finding 

40 - 60 % rENT2,<10% ~a+-de~endent  transport and the remainder rENT1 (Geiger et 

al., 1988; Johnston and Geiger, 1990; Lee and Jarvis, 1988). This study demonstrates 

that C6 ceIIs have mRNA transcnpt pnmarily for rENT2. The RT-PCR data was 

supported by data fiom fiuictional assays showing that NBMPR inhibited accumulation 

of adenosine and formycin B with ICso values of 2 1 FM. Therefore, Cd cells express 

alrnost exclusively rENT2, making these cells a usefùl mode1 for exarnining the function 

and regulation of these transporters. 

DPR is less useful than NBMPR to distinguish ENTl from ENT2 because it 

exhibits species differences in potency. DPR inhibits hENTl at nanomolar 

concentrations but micromolar concentrations are usually required to inhibit rENT 1 

(Griffiths et al., 1997a; Yao et al., 1997). Typically, both DPR and NBMPR have 

micromolai- affinity for h- and rENT2 (Crawford et al., 1998; Griffiths et al., 199%; Yao 

et al., 1997) although recently DPR was reported to inhibit hENT2 in transfected cells 

(Ward et al., 2000) and rENT2 in rat synaptosomes (Sweeney et al., 1993) with ICSO 

values behveen 150-360 nM. In the present study, DPR exhibited higher affinity for 

inhibition of rENT2 in C6 cells than for recombinant rENT2 expressed in Xenopus 

oocytes (Yao et al., 1997). The reason for the high affinty of DPR for rENT2 in C6 cells 

is not known but is currently under investigation. It may indicate multiple isoforms of 

this nucleoside transporter. The values for NBMPR inhibition of rENT2 reported here are 

similar to those seen in recombinant systems and ce11 culture models (Griffith and Jarvis, 



1996; Yao et al., 1997). DPR and NBMPR inhibited adenosine uptake into prîmary 

mouse cortical astrocytes with similar ICso values @PR 100-390 nM; NBMPR 1.64-5.33 

PM) (Bender and Hertz, 1986; Bender and Hertz, 1987) to those reported here for C6 

cells. Thus, nucleoside transporters in mouse cortical astrocytes may closely resemble the 

ENT2 found in rat C6 cells. In contrast, human fetal astrocytes appear to express both 

hENTl and hENT2 transporter activity and exhibit biphasic inhibition cuves for DPR 

and NBMPR (Gu et al-, 1996). 

Directional symmetry of equilibrative nucleoside transporters has been reported in 

a nurnber of tissues containing ENTl (Gu et al., 1996; Sinclair et al., 2000a). Prior to 

assessing the role of ENT2 transporters in mediating the cellular release of adenosine 

during ATP-dep leting conditions, we tested for directional symmetry of [)HI formycin B 

transport. Both uptake and release of [3~formycin  B were evident and were inhibited 

s imiMy by NBMPR or DPR. These data indicate a potential role of ENT2 in cellular 

release of adenosine. However, under ATP-depleting conditions with IAA and NaCN the 

C6 cells did not release adenosine but instead released hypoxanthine and, to a lesser 

extent, inosine. Interestingly, adenine (1-100 PM) was unable to inhibit the release of 

hypoxanthine and hypoxanthine (10-300 PM) was unable to inhibit the uptake of 

[3~]adenine (10 FM) in C6 ceUs (data not shown). This suggests the presence of at least 

tsvo nucleobase transporters in these cells (figure 19; NBT 1 and 2). The nucleobase 

transporter involved in adenine transport appears sirnilar to that described in human 

erythrocytes and LLC-pKI cells (Griffith and Jarvis, 1996). Hypoxanthine release may 

occur via an equilibrative nucleobase transporter similar to that reported in human 

placenta (Barros, 1994) or possibly by reversa1 of ~ a +  dependent nucleobase transport as 



has been reported for reversal of ~ a +  dependent nucleoside transport d d g  conditions 

that perturb the ~ a +  gradient (Borgland and Parkinson, 1997). 

The pathways involved in IAANaCN-induced r3HI hypoxanthine release fiom rat 

C6 glioma cells are detailed in figure 19: AMP + lMP + inosine + hypoxanthine. Our 

results are in contrast to previous reports of various stimuli inducing adenosine release 

fiom primary rat astrocytes (Ballerini et al., 1995; Caciagli et al., 1989; Ciccarelli et al., 

1994; Ciccarelli et al., 1999). However, these reports do not differentiate between 

adenosine release per se and adenine nucleotide release followed by extracellular 

metabolism to adenosine. As primary cultures of astrocytes cm release ATP (Guthcie et 

al., 1999), and as the nucleoside hansport inhibitor propentoQlline had no effect on 

adenosine release (Caciagli et al., 19991, it is possible that the primary cultures of 

astrocytes released ATP, which was metabolized extracellularly to adenosine. In 

contrast, C6 cells have been reported to be incapable of ATP release (Cotnna et al., 

1998b). 

Treatment of chick glia with deoxyglucose and oligomycin (Meghji et al., 1989) 

increased release of adenosine, inosine and, in particular, hypoxanthine. In our 

experiments, we did not see increased adenosine release fiom Cd cells treated with L U  

and NaCN (table 1) or deoxygIucose and dinitrophenol (data not shown). The differences 

between Our results and those with chick glia might be due to differences in nucleoside 

transporter subtypes or metabolic enzymes expressed in these two ce11 types. Regardless, 

data from several studies indicate that hypoxanthine is the major constituent of purine 

release fiom astrocytes during ATP-depleting conditions (Ciccarelli et al., 1999; Meghji 

et al., 1989). 



Purine metabolism rnay differ between C6 cells and primary astrocytes. While the 

removal of hypoxic stimulus induced adenosine release in astrocytes (CiccareUi et al., 

1999), this was not observed with C6 cells following removal of W a C N .  There was, 

however, a large increase in ïnosine release, which was effectively inhibited by DPR. As 

1 pM EHNA did not decrease inosine release, it is uniikely that the difference in results 

was due to higher adenosine deaminase activïty in Cd cells compared to pnmary 

astrocytes. As has been described for T lymphocytes (Barankiewicz et al., 1990), 

adenosine release fiorn C6 cells rnay be precluded by high levels of A M .  deaminase 

(figure 19; reaction 2) andior adenosine kinase (figure 19; reaction 7) or low levels of 

AMP S'nucleotidase (figure 19; reaction 6). Simultaneous inhibition of AMP deaminase 

and adenosine deaminase, using 100 p M  EHNA, induced release that was sensitive to 

inhibition by DPR, indicating that adenosine was fonned and released when these 

enzymes were inhibited, 

Removal of W a C N  might be expected to enhance purine nucleotide salvage 

and decrease purine release; in fact, the opposite was observed both in this study and a 

previous report (Ciccarelli et al., 1999). One possible explanation for the increase in 

purine release rnay be that purine salvage enzymes can consume nucleotides and, thus, 

rnay simultaneously promote both salvage and release of purines. For example, 

conversion of ribose-1-phosphate to phosphoribosyl pyrophosphate (PRPP) by ribose- 

phosphate p yrop hosphokinase requires ATP as a pyrophosphate donor. The resulting 

AMP rnay enter the pathways illustrated in figure 19. Altematively, reperfusion 

following simulated hypoxia with metabotic inhibitors can lead to fiee radical production 

(Myers et al., 1995; Quaife et al., 1991) that rnay alter purine metabolism (Spragg et al., 



1985) and induce release of inosine and hypoxanthine. The mechanism for the enhanced 

inosine formation following M a C N  removal is unclear. One possibility is that PNP 

activity may be decreased due to high PRPP or inosine or Iow Pi concentrations within 

the cells (Ropp and Traut, 1991). 

PNP-mediated production of hypoxanthine may be a protective mechanism during 

ATP-depleting conditions. Inosine and adenosine have been reported to increase the 

survival of glial cells (Haun et al., 1996; Jurkowitz et al., 1998) and CO-cultures of 

neurons and astrocytes (Litsky et al., 1999) during ATP-depleting conditions; this 

protection was reduced by inhibition of PNP. PNP activity may maintain the adenine 

nucleotide pool via production of ribose- 1 -phosphate, which can enter into glycolysis, 

and hypoxanthine, which can be converted into IMP via hypoxanthine-guanine 

phosphoribosyl transferase. Additionally, release of hypoxanthine by astrocytes may 

faci li tate adenine nucleotide salvage b y neurons. 

Ln surnrnary, our results demonstrate that C6 glioma cells do not release adenosine 

during ATP-depleting events. Unlike primary cultures of astrocytes, C6 celIs do not 

release ATP; thus, our data imply that release of ATP and its extracellular metabolism to 

adenosine is the primary route of adenosine release fiom astrocytes. C6 cells 

metabolized ATP without forming adenosine and were able to accumulate adenosine 

during ATP-depleting conditions. From these findings, we propose that during ATP- 

depleting conditions astrocytes may salvage extracellular adenosine derived ftorn ATP 

released fiom astrocytes or neurons or fiom adenosine per se released from neurons. 

Hypoxanthine released from astrocytes during and following an ischernic insult may be 

important for adenine nucleotide salvage by neurons. 



Chapter 6: Release of  urines from rat pnmary cortical neurons and astrocytes 

during treatment with hypoxia, iodoacetate or sodium cyanide. 

manuscript in preparation for Neuropharrnacology. 



Abstract 

In brain, the leveIs of adenosine increase up to 100-fold during cerebral ischemia; 

however, the role of specific ce11 types, enzymatic pathways and membrane transport 

processes in regulating intra- and extracellular concentrations of adenosine is poorly 

characterized. Rat primary cortical neurons and astrocytes were cultured for 6-23 and 12- 

21 days, respectively, prior to incubation with ['~]adenine for 30 min to radiolabel 

intracellular ATP. Cells were then treated with glucose-fiee buffer, 

hypoxia/hypoglycemia, 500 pM iodoacetate (IAA) or 100 pM sodium cyanide (NaCN) 

for 1 hour to stimulate metabolism of ATP and release of [- '~]~urïnes.  The nucleoside 

transport inhibitor dipyridamole @PR) (10 PM), the adenosine kinase inhibitor 

iodotubercidin (ITU) (1 PM), the adenosine deaminase inhibitor EHNA (1 FM) and the 

purine nucleoside phosphorylase inhibitor BCX-34 (IO PM) were tested to investigate the 

contribution of specific enzymes and transporters in the metabolism and release of 

purines from each ce11 type. Our results indicate that (a) hypoxia stimulated the release of 

 urines fiom neurons but not fiom astrocytes, (b) neurons released greater arnounts 

of [ ' ~ l ~ u r i n e s  during inhibition of glycolysis compared to inhibition of oxidative 

phosphorylation while astrocytes released similar amounts with both stimuli, (c) hypoxia, 

NaCN and IAA treatments induced the release of sirnilar arnounts of [3~]inosine and 

[3~]hypoxanthine from neurons and -2-4 fold more [-'~]hypoxanthine than [-'~]inosine 

kom astrocytes, (d) hypoxia, NaCN and IAA produced significant increases in 

[3~]adenosine release fiom neurons in the presence of EHNA or EHNA and ITU, (e) 

adenosine release fiom astrocytes was not enhanced by hypoxia, NaCN and IAA unless 

EHNA and ITU were present. These data suggest that, in these experitnental conditions, 



adenosine was formed by an intracellular pathway in neurons and then released via a 

nudeoside transporter. In contrast, adenine nucleotide release and extracellular 

metabolism to adenosine appeared to predominate in astrocytes. However, in both ce11 

types, adenosine release was far lower than inosine and hypoxanthine release. 



Introduction 

Endogenous adenosine plays the role of a neuroprotective compound during 

strokes and seizures (Rudolphi et al., 1992; Von Lubitz, 1999). The protective nature of 

adenosine has been reported to be due to activation of membrane-bound adenosine 

receptors. Activation of adenosine Ai receptors decreases excitatory amino acid release 

and cellular caZr influx and increases K+ influx while receptors increase blood flow 

and growth factor production (Von Lubitz, 1999). Although the role of endogenous 

adenosine has been widely investigated, less research has been done to document the 

mechanism of extracellular adenosine formation. Basal levels of adenosine in brain have 

been reported to be between 20 nM- 2 PM, depending upon the region ofbrain tested and 

the detection rnethod used (Ballarin et al., 1991; Chen et al., 1992; Hagberg et al., 1987; 

Meno et al., 1991; Phillis et al., 1987; Van Wylen et al., 1986). These IeveIs may increase 

up to 100 fold during forebrain ischemia (Parkinson et al., 2000). ExtracelluIar adenosine 

may be derived fkom cellular release of adenosineper se or metabolisrn of extracellular 

adenine nucleotides. Both pathways have been reported to be important for basal 

adenosine levels (Fredholm, 1997) while release of adenosineper se has been proposed 

as the prominent source during ischemic or stimulated conditions (Whittingham, 1990). 

In addition, the cellular source of adenosine has been poorly defined. Adenosine release 

has been documented in slice and in vivo models, however whether the adenosine is 

prirnarily ikom neurons or astrocytes has not been deterrnined. 

Intracellular metabolism and nucleoside transporters tightly regulate release of 

adenosine. Adenosine kinase (AK) phosphorylates adenosine with a Km of 0.5-2 pM 

(Chang et al., 1980; Kowaluk and Jarvis, 2000) while adenosine deaminase (ADA) 



removes an arnino group 6.om adenosine with a Km of 20 - 50 pM (Geiger and Nagy, 

1990). AK has been proposed to be more important in regulating adenosine levels during 

basal conditions while ADA becoming more important during stirnulated, or ATP- 

depleting conditions (Geiger et al., 1997). Nucleoside transporters are important for 

cellular release and uptake of extracellular adenosine. There are two broad classes of 

nucleoside transporters: ~a+-dependent and -independent (Griffith and Jarvis, 1996)- The 

Na'-dependent transporters couple influx of adenosine or other nucleosides to the Na* 

gradient; thus, these transporters are important primarily for influx (Cass et al., 1998). 

The equilibrative transporters allow adenosine to permeate ce11 membranes based on its 

concentration gradient, thus playing a potential role for both uptake and release (Gu et al., 

1996; Sinclair et al., 2000a). If extracellular adenosine is released as adenosineper se, the 

pathway of metabolism is ATPi+ADPi+AMPi+ADOi+ADOee Ln this scenario, 

nucleoside transport inhibitors would be expected to decrease extracellular adenosine 

while AK and ADA inhibitors would likely increase release. If extracellular adenosine is 

produced via metabolism of released adenine nucleotides, the production of adenosine 

would be expected to include ATPe+ADPe-+AMPe+ADOe+ADOii In this situation, 

nucleoside transport inhibitors would likely increase extracellular adenosine while AK 

and ADA inhibitors may have minimal effects on adenosine levels. 

The objective of this study was to investigate the release of purines fiom primary 

rat cortical neurons and astrocytes during basal, hypoxic and ATP-depleting conditions. 

Previously, we have demonstrated that rat C6 glioma cells release hypoxanthine but not 

adenosine during ATP-depleting conditions (Sinclair et al., 2000b). We wished to 

determine whether primary astrocytes would respond in a similar marner and how this 



would compare to primary neurons. Our results demonstrate that (a) neurons are more 

sensitive to hypoxia than astrocytes, (b) neurons release primarily inosine and 

h yp O xanthine while astroc ytes release predominantly A M .  and hypoxanthine (c) nei ther 

ce11 type releases large quantities of adenosine levels unless adenosine metabolizing 

enzymes are inhibited. 



Materials and Methods 

Ilfa teria 2s 

Dulbecco's modified Eagle's medium FI2 (DMEM-FlZ), fetal bovine serum 

(FBS), ~ e u r o b a s a l ~  medium and B-27 supplement were purchased fiom Life 

Technologies @urlington, Ontario). 2-Amin04 ,S-dihydro-7-(3 -pyridinylmethyl)-4H- 

p yrro Io [3,2,-dl p yridin-4-one (B CX-34; peldesine) was a generous gift from Dr. Phillip 

Morris of Biocryst Pharmaceuticals (Birmingham, Alabama). Iodotubencidin (ITU) was 

purchased from Alberta Nucleoside Therapeutics (Edmonton, Alberta). [ 3 ~ ~ d e n o s i n e ,  

and r3~]adenine were purchased fiom NEN Life Sciences (Mississauga, Ontario). Silica 

Gel GF TLC plates were purchased Erom Fisher Scientific (Whitby, Ontario). Erythro-9- 

(2-hydroxy-3-nony1)adenine hydrochloride (EHNA), and dipyridamole @PR) were 

purchased fiom Research Biochemicals International (Natlick, MA). Al1 other 

cornpounds were purchased fiom the Sigma Chernical Co. (St. Louis, MO). 

Cell Cztltzu-e 

Al1 experimental procedures were performed in adherence to the guidelines of the 

Canadian Council on Animal Care (CCAC) and were approved by the University of 

Manitoba Animal ProtocoI Management and Review Comrnittee. 

Rat primat-y cortical neurons and astrocytes were isoIated as previously described, 

with minor modifications. Briefly, time-mated E 19 rats were anesthetized with ether, 

laparotomy was performed and fetuses were collected in sterile petri dishes. An incision 

was made at the base of the neck of the fetus then continued up until the cortex was 

exposed. The cerebral hemispheres were dissected and pooled in 3 ml of Hank's solution. 

The meninges, hippocampus and basal structures were dissected away fiom the cortex. 



The cortical tissue was placed in a sterile 15 ml conicd tube and the media was aspirated 

off and replaced with fkesh caz'and M ~ ~ '  fiee Hank's solution. The tissue was cut up, 

triturated numerous times and centrifûged for 10 min. The supernatant was aspirated and 

the pellet was resuspended in DMEM-FI2 with 10% FCS and 1% 

penicillin/streptomycin/amphotericin. At this point, the isolated cells were split with 

some for astrocytic culture and some for neuronal culturing. For the astrocytes, the cells 

were plated in 10 ml of media in T-175 flasks pre-coated with poly-d-lysine (20 pg/ml). 

After 5-7 days in culture, the flasks were shaken vigorously at 250 rpm for -22 hours to 

remove neurons, type II astrocytes, microglia and oligodendrocytes. The media was 

aspirated and the cells were trypsinized (3 ml; 25 pg/ml trypsin) for 10 min at 37°C. 

Fresh media was added to inactivate the trypsin, cells were dissociated with glass blown 

pipettes and split 1 :1 with a final volume of 10 ml in each T-175 flask. Once the plates 

reached confluence, the cells were trypsinized and plated into 12 well plates, which were 

coated with poly-L-lysine. For the neuronal culture, cells were plated in 12 well plates 

that were coated with poly-L-lysine. The cells were lefi in DMEM-FI2 for 4-6 hrs in the 

incubator. M e r  this time, the media was aspirated and ~eurobasal- media with B27 

supplement was added to each well. Astrocytes were used between days 12-21 in vitro 

while neurons were used days 6-1 3 in viîro. 

Micleoside Release Assays 

Release assays were performed with pnmary neurons or astrocytes cultured in 12- 

well plates. Cells were washed &ce in ~ a +  buffer then incubated with [3~aden ine  (1 



FM) at 22°C. The inwardly-directed concentration gradient resulted in tritium 

accumu'lation within the cells- After 30 min, cells were washed twice with buffer to 

remove extracellular tritium. The r3~adenine that accurnulated in the astrocytes and 

neurons was rapidly rnetabolized to [3~]adenine nucleotides (285%; data not shown). 

Cells were treated with glucose-fkee buffer alone, &-bubbled glucose-fiee buffer (then 

placed in NI-aerated environment), the glycolytic inhibitor IAA (500 PM) or the 

oxidative phosphorylation inhibitor NaCN (100 PM) for 1 hr to stimuiate metabolism of 

[3~]adenine nucleotides and release of the [3qpurine metabolites. Trypan blue exclusion 

staining and LDH release indicated no significant difference in viability between the four 

different treatments in either ce11 type (data not shown). The effects of the nucleoside 

transport inhibitor DPR (IO FM) on [3~]purine release was tested. In addition, the 

contribution of specific enzymes to the metabolism and release of [ '~]~urùies  was 

examined using 1 pM ITU to inhibit adenosine kinase, 1 FM EHNA to inhibit adenosine 

deaminase, and 10 pM BCX-34 to inhibit purine nucleoside phosphorylase (PNP). After 

1 hr treatment, extracellular buffer was removed and analyzed for  urines by thin 

layer chromatography. Cells were dissolved in NaOH and analyzed for protein content. 

Release data are expressed as pmd/mg cellular protein using the specific activity of the 

loading buffer. 

Thin Lnyer Ch)-omatogruphy 

The method of Schrader and Gerlach was used to identiQ the [3~]purines release 

(Schrader and Gerlach, 1976). Briefly, n-butanol, ethyl acetate, methanol and ammonium 

hydroxide (7:4:3 :4) were mixed, placed in a TLC tank and allowed to equilibrate for 90 



min. Extracellular media (1 5 pl) obtained fiom the nucleoside release assays was spotted 

ont0 Silica Gel GF plates with 5 pl of cold carrier. Cold carrier consisted of 15 mM each 

of adenosine, inosine, hypoxanthine, adenine and AM. ,  7.5 mM uric acid and 6.5 mM 

xanthine. Plates were run for 3 hours, and sarnples migrated in the order AMPIuric acid, 

inosine, xanthine, hypoxanthine, adenosine and adenine. Uric  acid, xanthine and adenine 

were low or not detected in al1 experiments; therefore, data obtained for these purines are 

not reported. Spots were outlined under ultraviolet light, scraped, transferred to 

scintillation vials and 500 pl of 0.2 M HCI was added to each tube. M e r  1 hr, 

scintillation fiuid (5 ml) was added and radioactivity was determined using scintillation 

spectrornetry. 

Data Analysis 

Each expenrnent was performed at least three times in duplicate or tripkate, 

unless othenvise stated. Al1 values are expressed as means k S.E. and statisticai 

significance was determined by ANOVA followed by Bonferroni's post hoc test. 

Statistical analyses were perfbrmed using the software package GraphPad PRISM 

Version 3.0. 



Results 

To compare the release of [3~purineç fiom the pnmary neurons and astrocytes, we 

stimulated the cells with four conditions; glucose-fkee buffer alone, hypoxic buffer, 100 

p M  NaCN or 500 p M  IAA. The neurons released 90 k 6 pmoV mg proîl hr of [ ' ~ l~u r ine s  

into glucose-fiee buffer (30 % AMP, 29% inosine, 21% hypoxarrthine and 9% adenosine) 

(fig 20a). Hypoxia significantly elevated the total [ 3 ~ p u r i n e  release fiom the neurons to 

147 t 8 pmoVmg prot/hr. There was a significant increase in the release of [-'~]inosine 

(29 + 4 vs. 49 f 4 pmoVmg pro th ,  p<O.05), and [3~hypoxanthine release (21 + 1 vs. 41 

+ 7 pmoVmg prot/hr, ~ ~ 0 . 0 5 )  by hypoxic treatment compared to normoxic buffer while 

[)~]adenosine and ['HJAMP release was not significantly changed (fig 20a). Similar but 

Iarger increases in release were seen fiom neurons treated with NaCN or IAA and 

arnounted to 225 2 13 and 467 + 21 pmoVmg prot/hr, respectively. The increased release 

in the presence of NaCN or IAA was due to increased release of both [3~]inosine and 

[3~]hypoxanthine. The ratio of [3~]hypoxanthine: [3~]inosïne release was -1:l in each 

of the four conditions (fig 20a). Stimulation of the neurons with the glycolytic inhibitor 

IAA produced significantly higher [3Hlpurine release h m  the pnmary neurons than did 

the oxidative phosphorylation inhibitor NaCN. 

The release of [3~]purines fkom the primary astrocytes treated with glucose-fiee 

buffer was 170 + 24 pmoV mg prot/ hr (67% AMP, 14% inosine, 6% hypoxanthine and 

14% adenosine) (fig 20b). The release of [ 3 ~ ~ ~ ~  and [-'~]adenosine fiom astrocytes 

was sipnificantly higher than from neurons. Unlike neurons, astrocytes were unaffected 

by treatment of 1 hour in hypoxic buffer (152 c 24 pmoV mg protl hr) (fig 20b). There 

was no significant difference between the release of [3~]pu ines  in astrocytes stimulated 



wi th glucose-free buffer or hypoxic buffer. NaCN and IAA significantly increased the 

release of [3~]purines to 237 & 22 and 299 I 13 pmoV mg protl hr, respectively (fig 20b). 

Theïe was no significant difference in the total  urine release between NaCN and 

LAA treated pnmary astrocytes. NaCN produced a significant increase in 

[ 3 ~ ]  hypoxanthine release but not ['~]inosine cornpared to buffer treated astrocytes, while 

IAA produced significant increases in both [3~hypoxanthuie and [3~]inosine release. 

Neither IAA nor NaCN treatment induced significant changes in [3~]adenosine or 

[ 3 ~ ] ~ ~ ~  release compared to release nom astrocytes in glucose-fiee buffer. The ratio of 

1 3 ~ ]  hypoxanthine: [3~]inosine release was -1 : 1, 1 : 1,4: 1 and 2: 1 in the astrocytes treated 

with glucose free buffer, hypoxic buffer, NaCN and IAA, respectively (fig 20b). When 

deoxyglucose (1OrnM) or dinitrophenol(25pM) was used in place of IAA or NaCN as 

inhibitors of glycolysis or oxidative phosphorylation, respectively, neurons and astrocytes 

released simiiar quantities of  [3~]purines (data not shown). 

In al1 four conditions in both ce11 types, [ 3 ~ ] ~ ~ ~  release was unaffected by the 

enzyme inhibitors or transport blocker. In general, the enzyme inhibitors had similar 

effects on release in al1 four conditions in the two ce11 types. The general effects will be 

desctibed in the section on release into glucose-free buffer. The specific differences seen 

in release into hypoxic-buffer, NaCN or IAA will be described in the subsequent 

sections. 

Glzlcose-Fi-ee Buffer 

The neurons released 90 f 6 pmoV mg prot/ hr of [3~]purines into glucose-fiee 

buffer (30 % AMP, 29% inosine, 21% hypoxanthine and 9% adenosine) (fig 21a). Total 



[3~]purine release was significantly increased in the presence of ITU and EHNA (90 + 6 

vs. 123 & 8 pmoVmg prothr, p<0.05), which was blocked by DPR (75 t 9 pmol/mg 

protmc, pc0-001) (fig 2 1 a). DPR significantly decreased the release of [3minosine from 

ceIls treated with buffer, ITLJ and/or EHNA or BCX-34 (fig 21a; p<0.001). Compared to 

buffer treated neurons, EHNA significantly decreased the release of [3~]inosine (29 + 4 

vs. 14 t 2 pmoVmg protdhr, p<0.05). BCX-34 significantly increased the release of 

[3~]inosine (61 f 7 pmoVmg prot/hr; pcO.01) and decreased the release of 

[3~]hypoxanthine (21 f 1 vs. O + 1 pmoVmg prothr; pc0.05). [ ' ~ ] ~ ~ ~ o x a n t h i n e  release 

was also significantly increased by treatment of the cells with ITU and DPR (21 2 1 vs. 

39 k 3 pmoVmg pro*; pcO.05). The release of [)madenosine was significantly 

increased fiom buffer treated cells by the combination of ITU+EHNA (9 k 1 vs. 45 + 4 

pmoVmg proth;  p<O.OO 1), which was significantly decreased by addition of DPR (14 f 

3 pmoVmg proth;  p<0.001). The effects of ITU and EHNA on [-'~]adenosine release 

together were significantly greater than either compound alone. 

The release of [ 3 ~ p u r i n e s  i?om prirnary astrocytes treated with glucose-free 

buffer was 170 & 24 pmoV mg prot, hr (67% AMP, 14% inosine, 6% hypoxanthine and 

14% adenosine) (fig 20b). Total [3~]purine release fkom primary astrocytes was not 

significantly affected by DPR, ITU, EHNA or BCX-34, however, the pattern of re1ease 

was different. As with the neurons, ITU had no significant effect on [3~]inosine, 

[ 3 ~ ]  adenosine or ['HI hypoxanthine release. EHNA significantly decreased [3~]inosine 

release (26 f 8 vs 1 + L pmo Wmg protlhr, pc0.01) but did not significantly affect 

[3~]adenosine release. BCX-34 significantly increased r3~]inosine release (pcO.05) and 

decreased [3~]hypoxanthine (12 + 5 vs. 2 t 1 pmoVmg pro th ,  ~ ~ 0 . 0 5 )  release compared 



to glucose-fi-ee buffer. Similar to the primary neurons, DPR significantly decreased the 

release of [3~]inosine from primary astrocytes treated with glucose-fiee buffer (26 + 8 VS. 

10 t 2 p m o h g  proth, pc  0.05), ITU (17 I 3  vs. 8 t 2 pmoYmg protlhr, pcO.05) or 

BCX-34 (36 + 10 vs. 10 + 2, pc0.001). Unlike in neurons where DPR tended to decrease 

 la la de no sine release, DPR did not affect [-'~]adenosine release in astrocytes. ITU + 

EHNA significantly increased [-'~]adenosine release compared to buffer alone (24 + 6 vs. 

70 f 8 pmoVmg protihr, p<O.001) but this was not significantly decreased by DPR (59 + 

7 pmoVmg prot/lir) (fig 21 b). 

Hypoxic Glucose-Free Buter 

The total [3~]purine release from hypoxic-buffer treated neurons was significantly 

inhibited by DPR in al1 groups except the neurons treated with ITU (fig 22a). The 

  urine release from hypoxic-buffer treated neurons (fig 22a) in the presence of ITU, 

EHNA, BCX-34 and DPR was similar to the buffer treated neurons (compare fig 22a and 

fig 2 1 a). As with neurons in glucose-fiee buffer, DPR significantly decreased the release 

of [3~]inosine from cells treated with buffer, ITU a d o r  EHNA or BCX-34 (fig 22a; 

p<0.001). One major difference between neurons treated with hypoxia compared to 

neurons in glucose fiee buffer was seen in the fact that EHNA alone significantly 

increased the release of [3~]adenosine during hypoxic treatment (1 5 k 1 vs. 29 t 2 

pmoVmg proühr, p<0.001), which was significantly decreased by DPR (10 + 2 pmol/mg 

prot/hr, p ~ 0 . 0  1 ; fig 22a). The  la la de no sine release fkom hypoxic neurons treated with 

EHNA (29 rt 2 pmoVmg prot/hr, fig 22a) was significantly higher (p<O .OS) than release 

fiom neurons treated with EHNA in nomoxic buffer (16 f 2 pmoVmg prot/hr; fig 2 la). 



Figure 20 

Figure 20 continued: 



Effect of glucose-free buffer, hypoxic-buffer, 100 pfkl NaCN or 500 pM IAA upon 

[ ' ~ j ~ u r i n e  release from rat primary cortical murons (A) or astrocytes es). Cells 

were loaded for 30 min with 1 pM [-'~]adeniue, nnsed and placed into appropriate buffer 

for 1 hour at 22°C. Buffer was removed and analyzed by TLC for [3~]purines. Data are 

expressed as total [3~]purines released which is the sum of [-'H]AMP (gray bars), 

[3~]inosine (white bars), [3~]hypoxanthine (black bars) and [3~]adenosine (hatched 

bars). Statistical significance was determined by ANOVA followed by Bonferroni's post 

hoc test (* pcO.05, *** p<O.OOl fkom respective fiom respective glucose-fiee buffer 



Figure 21 



Figure 2 1 :continued 

Effects of ITU, EHNA, BCX-34 and DPR on the release of [3~]purines from 

glucose-free buffer treated rat primary cortical neurons (A) or astrocytes (B). Cells 

were loaded for 30 min with 1 FM [3Hladenine, ruised and placed into glucose fiee- 

buffer in the presence or absence of 10 pM DPR, 1 pM ITU k DPR 1 FM EHNA k 

DPR or 10 uM BCX-34 + DPR for 1 hour at 22OC. BuiXer was removed and analyzed by 

TLC for [3~]purines. Data are expressed as total  urines released which is the sum of 

['HIAMP (gay bars), [3~]inosine (white bars), [-'HIhypoxanthine @lack bars) and 

[ 3 ~ ]  adenosine (hatched bars j. S tatistical significance was determined for total [3~]purine 

release by ANOVA followed by Bonferroni's post hoc test (* p<O.05 from respective 

glucose-free buffer group; * p<O.OS, pcO.001 from the respective DPR treated groups). 

S tatistical significance of inhibitors on ['a AMP,  linosin si ne, [)HI hypoxanthine and 

[3~]adenosine release are provided in the text. 



As detailed in fig 20, hypoxia significantly elevated the total [ 3 H J p ~ e  release fiom the 

neurons but not astrocytes (fig 22 a, b). Therefore, the release fYom the astrocytes during 

treatment with hypoxic buffer looks nearly identical to release in glucose-fiee buffer 

(compare fis 22b to fig 21b). 

100 pkf NaCN Nr Glzrcose-Free Buffer 

Pnmary neurons treated with 100 pM NaCN for 1 hr released [3~]purines similar 

to hypoxic-buffer treated neurons (fig 23a). The total [3~]purine release was 225 t 13 

pmoVrng proth- (19 % AMP, 39 % inosine, 35 % hypoxanthùie and 7% adenosine) and 

was significantly inhibited by DPR in al1 the groups (fig 23a). This inhibition of total 

release was predominantly due to inhibition of [)HI inosine release. DPR significantly 

inhibited the release of [3~]inosine when in NaCN alone or in the presence of ITU and/or 

EHNA or BCX-34. DPR significantly decreased [3~]adenosine release in the presence of 

ITU (20 + 2 vs. 9 f 1 pmoVmg prot-hr, p<O.05), EHNA (42 + 3 vs. 16 + 2 pmoi/mg 

proth,  p~0 .00  1 ) and ITU + EHNA (67 + 4 vs. 15 f 2 pmoVmg prot/hr, p<0.00 1). While 

BCX-34 significantly increased [ 3 ~ i n o s i n e  release (82 t 1 1 vs. 176 t 15 pmoVmg 

prot/hr, p~O.00 1 ; fig 23a) and decreased ['HIhypoxanthine release (94 + 10 vs. 10 f 5 

pmoI/mg prot/hr, p<O.OOl), BCX-34 + DPR did not significantly change 

[ ' ~ ]h~~oxan th ine  release (64 f 5 pmoihng pro th)  relative to NaCN alone. Similar to 

hypoxia treated neurons, EHNA alone significantly increased adenosine release fiom 

NaCN-treated neurons (1 8 k 2 vs. 42 + 3 pmoVmg proth ,  p<0.00 1 ; fig 23a). The 

combination of ITU and EHNA significantly increased [3wadenosine release over ITU 

or EHNA alone (pc0.001). The release of [-'~]adenosine from NaCN treated neurons in 



the presence of EHNA or EHNA and ITU (42 + 3 or 67 k 4 pmoVmg protk ,  respectively 

fig 23 a) was significantly greater than release from neurons treated with EHNA or EHNA 

and ITU in glucose-free buffer (16 f 2 or 45 t 4 pmoVmg pro&, respectively; fig 2 1 a; 

pc0.0 1). 

In primary astrocytes, none of the d m g  combinations significantly affected the total 

release of [3~]purines fiom NaCN-treated cells (fig 23b). Although there was not a 

sipnificant change in total release, the release of specific [3~]purines was altered. BCX- 

34 was the only compound that significantly increased [3~]inosine release (22 t 6 vs. 188 

k 3 1 pmoUmg pro th ,  p<O.001; fig 23b), which was blocked by DPR (23 f 

7pmoVmg/prot/hr). The combination of ITU + DPR significantly increased 

[ 3 ~ ]  hypoxanthine release (9 1 I 2 1 vs. 225 t 35 pmoVmg proth ,  pcO.00 1 ; fig 23b) while 

BCX-34 significantly decreased [3~]hypoxanthine release (23 + 7 pmoVmg/prot/hr, 

p<0.05). Unlike the pnmary neurons, EHNA alone did not significantly alter 

[)HI adenosine release fiom NaCN-treated astrocytes (30 f 6 vs. 58 f 9 pmoVmg/prot/hr. 

p'0.05). [ 3 ~ ] ~ d e n o s i n e  release from NaCN-treated astrocytes was significantly 

increased by the combination of ITU and EHNA (30 k 6 vs. 1 18 I 1 8 pmoVmglprotlhr, 

p>0.001) and this was significantly greater than release from glucose-fiee buffer treated 

astrocytes with ITU and EHNA (1 18 f 18 vs. 70 + 8 pmoVmg prot/hr, p<O.001; fig 21b). 

500 pki lTAA in Glucose-Free Buffer 

The total [3~]purine release from neurons treated with 500 pM IAA for 1 hr was 

significantly decreased by DPR in each of the five combinations (fig 24a, pc0.001). The 

decrease in total [3~]purïne release was predominantly due to the significant inhibition of 



 l linos sine release by DPR in each of the groups. Compared to IAA alone, BCX-34 

significantly increased ['IXJinosine release (21 1 t 16 vs. 322 t 24 pmoWmg proth,  

p<0.00 1; fig 24a) and significantly decreased [ - '~]h~~oxanthine  release (203 + 20 vs. 19 

+ 3 pmoVmg prothr, p<O.001). Similar to the hypoxia and NaCN treated neurons, EHNA 

alone significantly increased [-'~]adenosine release (16 k 1 vs. 41 + 5 pmoVmg proth, 

p<0.00 1 ; fig 24a), which was inhibited by DPR (13 f 3 pmoVmg proth,  Pc0.001). As 

with each of the hypoxic buffer and NaCN treatments, the neuronal release of 

[3~]adenosine into 500 pM IAA containhg EHNA or EHNA and ITU (41 + 5 or 70 + 8 

pmol/mg prot/hr, respectively; fig 24a) was significantly greater than fiom neurons 

treated with EHNA or EHNA and ITU in glucose-fiee buffer (26 + 2 or 45 f 4 pmoVmg 

prothr, respectively; fig 2 la). 

In prirnary astrocytes, only one combination of inhibitors significantly affected the 

total release of p urines fiom NaCN-treated cells (fig 24b). BCX-34 + DPR 

sipnificantly decreased the total [- '~]~u.rine release. This was due the inhibition of PNP 

by BCX-34 which led to a significant increase of [3flinosine release and significant 

decrease of [3~]hypoxanthine release compared to 500 pM Ik4 alone. As with al1 other 

treatments (figs 2 1 b-23b), DPR significantly decreased [3~]inosine release from al1 

groups. The release of [3ainosine, [-'whypoxanthine and [3~]adenosine into 500 p M  

IAA (fig 23b) was very sirnilar to the release kom astrocytes treated with 100 pM NaCN 

(fig 23b). 



Figure 22 



Figure 22:continued 

Effects of ITU, EHNA, BCX-34 and DPR on the release of [3~]purines from 

hypoxic buffer treated rat primary cortical neurons (A) or astrocytes (B). Cells were 

loaded for 30 min with 1 pM [3~]adenine, rinsed and placed Uito hypoxic-buffer in the 

presence or absence of 10 p M  DPR, 1 p M  ITU f DPR, 1 p M  EHNA k DPR or 10 pM 

BCX-34 + DPR for 1 hour at 22OC. Buffer was removed and analyzed by TLC for 

[3~]purines. Data are expressed as total [3qpurines released which is the s u  of 

[)H]AMP (gray bars), [3~]inosine (white bars), [3HJhypoxanthine (black bars) and 

[3~]adenosine (hatched bars). Staîistical significance was determined for total [3~]purine 

release by ANOVA followed by Bonferroni's post hoc test (* p<0.05, *** p<0.001 from 

### respective from respective glucose-fi-ee buffer group; ' pe0.05, " pCO.0 1, p<O.00 1 

from the respective DPR treated groups). Statistical significance of inhibitors on 

['HIAMP, [3~]inosine, [3~]hypoxanthine and tmadenosine release are provided in the 

text. 



Figure 23 



Figure 23:continued 

Effects of ITU, EEINA, BCX-34 and DPR on the release of [3mpurines from 

100 FM NaCN treated rat primary cortical neurons (A) or astrocytes (B). Cells were 

loaded for 30 min with 1 FM ['wadenine, rinsed and placed into 100 pM NaCN in the 

presence or absence of 10 pM DPR, 1 FM ITU + DPR, 1 pM EHNA t DPR or 10 pM 

BCX-34 + DPR for 1 hour at 22OC. Buffer was removed and analyzed by TLC for 

[3~]purines. Data are expressed as total  urines released which is the sum of 

['HIAMP (gray bars), [3HJinosine (white bars), [3~hypoxanthine (black bars) and 

 h  la de no sine (hatched bars). Statistical significance was detemiined for total [ ' ~ ]~u r ïne  

release by ANOVA followed by Bonferroni's post hoc test (** pc0.01, *** p<O.OO 1 

fiom respective koom respective glucose-free buffer group; ' pc0.05, pCO.01, 

p<0.00 1 fiom the respective DPR treated groups). Statistical significance of inhibitors on 

[)H]AMP, [3~]inosine, [3~]hypoxanthine aiid [-'madenosine release are provided in the 

text. 



Figure 2 4 



Figure 24:continued 

Effects of ITU, EHNA, BCX-34 and DPR on the release of  urine urines from 500 pM 

IAA treated rat primary cortical neurons (A) or astrocytes (B). Cells were loaded for 

30 min with 1 pM t3wadenine, rinsed and placed into 500 pM IAA in the presence or 

absence of 10 pM DPR, 1 pM I T ü  + DPR, 1 pM EHNA + DPR or 10 pM BCX-34 + 
DPR for 1 hour at 22OC. Buffer was rernoved and analyzed by TLC for  pur purin es. Data 

are expressed as total [3qpurines released which is the sum of [ 3 ~ ] ~ ~ ~  (gray bars), 

 linosin sine (white bars), ['HJhypoxanthine (black bars) and   l la de no sine (hatched 

bars). Statistical significance was detemiined for total [ 3 ~ p u r i n e  release by ANOVA 

followed by Bonferroni's post hoc test (*** p<O.001 eom respective from respective 

glucose-fiee buffer group; pc0.01, p<O.OOl fiom the respective DPR treated 

groups). S tatistical significance of inhibitors on [ 3 ~ ~ ~ ~ ,  [3~inosine,  ['HI hypoxanthine 

and  la la de no sine release are provided in the text. 



Discussion: 

The pnmary hdings  of this study are that (a) hypoxia stimulated the release of 

[3~]purines fiom neurons but not astrocytes, (b) neurons released greater amounts of 

[3~]purines during inhibition of glycolysis compared to inhibition of oxidative 

phosphorylation while astrocytes released similar amounts with both stimuli, (c) hypoxia, 

NaCN and IAA treatments induced the release of similar amounts of [3E@nosine and 

['~]hypoxanthine from neurons and -2-4 fold more [3~hypoxanthine than f3~]inosine 

fiom astrocytes, (d) hypoxia, NaCN and IAA conditions produced significant increases in 

[3~]adenosine release nom neurons in the presence of EHNA or EHNA and ITU, (e) 

adenosine release fiom astrocytes was not enhanced by hypoxia, NaCN and IAA unless 

EHNA and ITU were present. 

Total ['HI ~ w i n  e Releme 

There were significantly greater amounts of [3~]purines released £iom primary 

astrocytes than neurons during basal conditions in glucose free-buffer (fig 1). This was 

due to higher levels of ['H]AMP released by astrocytes. Hypoxia significantly increased 

the overall release of [ 3~pur ine s  fkom neurons but not astrocytes. It has previously been 

reported that neurons are more dependent upon oxidative phosphorylation than astrocytes 

for maintenance of ATP levels (Ames, 2000). In addition, neurons are more susceptible 

to hypoxia-induced ce11 death than are astxocytes (Litsky et al., 1999), which correlates to 

depletion of cellular ATP levels. Thus, extracellular purines that appear in brain during 

conditions of low Oz availability are likely fiom neurons. If ATP levels are maintained 

better by astrocytes during hypoxic conditions, these cells may be a site for salvage of 



purines released by the neurons. When M or NaCN was used to deplete ATP, neurons 

and astrocytes significantly increased the release of [- '~]~urùies.  Neurons showed a 

greater release of [3~pur ines  stimulated by hypoxia, NaCN or IAA than astrocytes. 

These results indicate that both cells are susceptible to ATP depletion by inhibition of 

glycolysis or oxidative phosphorylation but the neurons are more sensitive to inhibition 

of these patliways. 

13~J4MP Release 

The release of [~HIAMP did not significantly differ in either ce11 type among the 

four conditions. However, there was significantly more ['VAMP release fiom astrocytes 

than neurons. Although in our TLC protocol AMP and UA migrate together, UA was not 

detected (data not shown); this supports previous reports demonstrating a lack of xanthine 

oxidase in neuronal and astrocytic cells (Ceballos and Rubio, 1995; Zoref-Shani et al., 

1995). The ['HIAMI? release fiom the astrocytes was not seen fiom rat C6 gliorna cells in 

similar conditions (Sinclair et al., 2000b), which have been reported to be incapable of 

ATP release (Cotrina et al., 1998a; Cotrina et al., 1998b). Release of adenine nucleotides 

from astrocytes is an important potential source of adenosine fiom the astrocytes as 

astrocytes have been reported to have al1 the ecto-enzymes required for extracellular 

adenosine production (Zimmermann, 1996; Zirnmennann, 2000). 

 PH]^ osin e Release 

The arnount of am  lino sine released by neurons and astrocytes was similar under 

basal conditions. However, neurons released si@ ficantly larger arnounts of [3~]inosine 



than astrocytes during hypoxia, NaCN or IAA treatment. The reason for the higher 

[3~]inosine release fkom neurons than astrocytes may be due to higher activity of PNP in 

astrocytes (Van Reempts et al., 1988) or higher activity of ADA or IMP prefemng 

5 'nucleotidase in newons. In both ce11 types, DPR inhibited the release of [3~inosine, 

supports intracellular inosine formation. In addition, this demonstrates the bi-directional 

DPR sensitivity of the nucleoside transporters in these cells as influx of nucleosides is 

also blocked by DPR (Bender and Hertz, 1986). As EHNA did not significantly decrease 

the release of  linosin sine fiom astrocytes during any of the conditions, this suggests that 

the principal route of hosine formation is through AMP deaminase followed by 

S'nucleotidase (AMP+dlW+inosine) rather than S'nucleotidase then ADA activity 

(AMP--+adenosine+inosine); as previously reported for rat C6 glioma cells (Sinclair et 

al., 2000b). However, in the neurons, EHNA signi ficantly decreased [-'HI inosine release 

dunng basal and hypoxic conditions, indicating that ADA contributes to inosine 

formation in neurons. 

[ 3 ~ ] ~ y p o x a n  th ine Release 

The basal, hypoxic and NaCN-stimulated release of [3~]hypoxanthine were 

similar between neurons and astrocytes. There was a significantly greater arnount of 

[3~]hypoxanthine released fkom IAA treated neurons than fiom astrocytes, which 

corresponds to a larger amount of total I)~]~urines released. BCX-34 decreased 

[3~]hypoxanthine release fiom both ce11 types in each of the four conditions. This 

supports an intracellular site of PNP activity and hypoxanthine production. Although the 

release of [3~]hypoxanthïne fiom astrocytes was expected, it is surprising that the 



neurons released large quantities of [3~hypoxanthuie, as PNP has been reported to be an 

astrocytic enzyme (CasteLlano et al., 1990; Van Reempts et al., 1988). As cultured 

neurons have been reported to exhibit PNP activity (Zoref-Shani et al., 1995), its 

expression may be induced by culture conditions. This increased expression suggests that 

PNP and hypoxanthine may be important for nucleotide maintenance and possibly for 

ce11 survival (Litsky et al., 1999). 

  de de no sine Release 

In CNS, adenosine is thought to be the most phamiacologically active of the 

adenine nucleotide metabolites reported in this study. Under basal conditions, 

significantly more [3~]adenosine was released fkom astrocytes than from neurons (24 k 6 

vs. 9 k 1 pmoVmg proth). While DPR decreased [3~]adenosine release from neurons, it 

produced a small but not significant increase in astrocytic [3~]adenosine release. As large 

quantities of [ 3 ~ ] ~ ~ ~  were found in the extracellular environment of astrocytes, it is 

possible that the basal  la la de no sine release was due to extracellular metabolism of 

[ 3 ~ ~ ~ ~ ,  especially since astmcytes have the required ecto-enzymes (Zimmermann, 

1992; Zimmermann, 1996). In contrast, the inhibition by DPR indicates that neuronal 

[)~]adenosine release occurred largely as adenosine per se. Surprisingly, hypoxia, NaCN 

and IAA did not produce any significant changes in [3~adenosine release fiom either 

ce11 type. Using ATP-depleting conditions, two previous studies have demonstrated 

increased adenosine release fiom primary rat cortical astrocytes and chick neuronal and 

astrocyte models, respectively (CiccareIli et al., 1999; Meghji et al., 1989). The 

difference between Our results and the previous reports may be due to differences in 



temperature, stimuli, species or regional source of cells. When deoxyglucose or 

dinitrophenol were used instead of IAA or NaCN as inhibitors of glycolysis or oxidative 

phosphorylation, simila. levels and patterns of [ 3 ~ p u r i n e  release were seen fiom neurons 

and astrocytes (data not shown). Thus, it is unlikely that the stimuli used in Our studies 

explain the lack of [3~]adenosine release. Temperature changes have been reported to 

affect extracellular adenosine levels in hippocampaI slices, through changes in the 

ac tivity of the ei (ENT2) nucleoside transporter (Dunwiddie and Diao, 2000). 

Temperature rnay not be the principal reason for the lack of [3~adenosine release in the 

absence of enzyme inhibitors. In the present study, the transporters in both ce11 types 

were functional in the release of nucleosides as inosine release was blocked by DPR. In 

addition, adenosine release fiom hypoxic astrocytes at 37'C was reported to occur only 

after the re-introduction of oxygen (Ciccarelli et al., 1999). The lack of adenosine release 

rnay suggest that adenosine was produced in large quantities but was metabolized prior to 

sarnpling. However, the conditions used were mild in duration (hypoxia) and 

concentration (IAA or NaCN) and unlikely to cause rapid depletion of ATP. Furthemore, 

ITU and EKNA led to a 5-fold increase in adenosine release as opposed 100-fold 

increases measured in vivo without enzyme inhibitors (Parkinson et al., 2000). 

When we investigated the effects of the enzyme inhibitors on r3~]adenosine 

release, we were surprised by the lack of effect of ITU on r3~]adenosine release fiorn 

either ce11 type in basal or stimulated conditions. Previous studies have demonstrated 

increased release of adenosine under basal or stimulated conditions in the presence of AK 

inhibitors in brain slice models (Lloyd and Fredholm, 1995; Pak et al., 1994). Similar 

results have not been demonstrated in ce11 culture models (Lynch et al., 1998). The lack 



of effect of ITU on adenosine release may indicate high basal adenosine levels that are 

approaching the Ki of adenosine for AK or decreased AIS activity due to other 

endogenous factors (Decking et al., 199%; Lynch et al., 1998). The lack of effect of ITU 

may also indicate that primary rat neurons and astrocytes do not express the rENTl 

nucleoside transporter, which facilitates entry of L W  hto  cetls (Sinclair et al., see chapter 

4). Inhibition of ADA by EHNA did not affect the basal release of r3~]adenosine from 

either neurons or astrocytes. While EHNA alone did not affect astrocytic [3~]adenosine 

release during hypoxia, NaCN or IAA treatment, EHNA produced a significant increase 

in neuronal ['~]adenosine release in these three conditions. It has been reported than 

ADA may be more important in adenosine metabolism in neurons than astrocytes in 

culture (Matz and Hertz, 1989). Therefore, EHNA may be more likely to elevate 

adenosine release fiom neurons than astrocytes, as we report. The combination of ITU 

and EHNA significantly increased both basal and stimulated [3~]adenosine release Eiom 

both neurons and astrocytes. This indicates that either enzyme inhibitor alone is not as 

effective at elevating adenosine release because the other pathway of metabolism is 

available. Simultaneous inhibition of AK and ADA has been reported to have "supra- 

additive" effects on adenosine release fiom hippocampal and spinal cord slice models 

(Golembiowska et al., 1996; Hebb and White, 1998). This appears to be the most 

effective method of elevating basal and stimulated adenosine release £i-om both neurons 

and astrocytes. 

Our results indicate that neurons and astrocytes respond differently to glucose- 

fiee buffer, hypoxic buffer, 100 p M  NaCN or 500 p M  IAA with respect to the purines 

each ce11 type releases. Neurons were more sensitive to the stimulated conditions, 



especially hypoxia, than astrocytes. This indicates that under comparable conditions, 

neurons are likely the site of purine release while astrocytes are a potential site of purine 

salvage. I f  the therapeutic goal is to elevate extraceiluEar CNS adenosine levels in vivo, 

compounds should be developed to inhibit adenosine metaboikm by neurons or 

adenosine accumulation by astrocytes, as these strategies could ïncrease production or 

decrease removal of  interstitial adenosine, 



Chapter 7: General Discussion 

The basis of this thesis was to hvestigate the mechanisms involved in regulation 

of extracellular adenosine levels. 1 used different in vitro ce11 culture models to detennine 

the role of nudeoside transporters, purinergic enzymes and the BBB in this process. As a 

number of regulators of endogenous adenosine levels are in pre-clinical and early clinical 

development for CNS disorders, this thesis work is important in demonstrating how these 

different enzymes, transporters and ce11 types are involved in extracellular adenosine 

regulation, 

The first research study in this thesis investigated the potential role of the BBB in 

the levels of extracellular CNS adenosine Ievels (Chapter 2). The hypothesis of this study 

was that administration of DPR to the lumenal cornpartment of a dynamic hi vitro 

blood brain barrier model would inhibit bidirectional adenosiae perrneation of this 

system. For this project, 1 used a physiologically relevant in vitvo model of the BBB, 

which has blood-like media flow, low permeability and cellular phenotype similar to the 

BBB in vivo. My results demonstrated that lumenal administration of the nucleoside 

transport inhibitor DPR, was able to inhibit completely the movement of adenosine fiom 

the interstitial or parenchyrnal compartment into the lurnenal compartment. Surprisingly, 

lurnenal DPR administration was unable to affect the movement of adenosine fiom the 

Iumen to the interstitial compartment. As DPR poorly crossed the DN-BBB and poorly 

permeates the BBB in vivo (Sollevi et al., 1983), the site of action appears to be on the 

lumenal side of the BBB. These results support the hypothesis that DPR may be able to 

decrease the incidence or seventy of stroke in humans by decreasing the loss of 

adenosine fiom the CNS during basal conditions, thereby promoting adenosine receptor 



activation and/or maintenance of ATP levels. As one of the primary therapeutic goals for 

regulaton of endogenous adenosine levels is for conditions of hypoxia/ischemia, further 

studies must be performed which investigate how DPR or other transport inhibitors affect 

the pemeation of adenosine across the BBB during these conditions. Since non-specific 

BBB permeab ili ty increases dramatically during ischemiakeperfusion injury (Dobbin et 

al., 1989; Picozzi et al., 1985; Pluta et al., 1994; Preston and Foster, 1997; Preston et al., 

1993), one would hypothesize that nucleoside transport inhibitors would not affect 

adenosine loss across the BBB, as the movement would be non-specific paracellular 

transport. However, the selective and potent nucleoside transport inhibitor NBMPR, 

when administered i.p., has been demonstrated to decrease neuronal damage following 

cerebral ischemia (Parkinson et al., unpublished data), even though it poorly perrneates 

the BBB (Anderson et al., 1996a). In addition to in vitro studies, in vivo studies should be 

performed to investigate the BBB permeation of adenosine and other nucleoside 

transporter pemeants and the effects of peripheraily administered nucleoside transport 

inhibitors during basal and ischemic conditions. As my results indicate that there is 

asyrnrnetrical cellular expression of the nucleoside transporters on the endothelial cells of 

the BBB, it would be interesting to determine with imrnunohistochernistry whether 

similar expression patterns exist in vivo. 

Autoregulation of extracellular serotonin, norepinephrine, glutamate and GABA 

levels has been reported to occur via activation of their respective receptors. Similar 

events have been reported with adenosine by activation of the AZA receptor (Delicado et 

al., 1990; Dolhun and Parkinson, 1995). However, the mechanism of action was poorly 

demonstrated and this study only investigated uptake not release. 1 wanted to determine 



whether autoregulatory effects were evident in DDTl MF-2 smooth muscle celis 

stirnulated to release adenosine. 1 hypothesized that activation of adenosine receptors 

in DDTl MF-2 hamster smooth muscle cells during ATP-depleting conditions will 

decrease the total release of adenosine. This was based on previous studies that 

dernonstrated altered es nudeoside transporters on the cell surface fcillowing adenosine 

receptor activation (Delicado et al., 1990; Dolhun and Parkinson, 1995). However, my 

results showed that activation of the Al receptor, not the AZA receptor, produced a 

significant increase in adenosine release during ATP-depleting conditions. These efiects 

could be rnimicked by pathways that activated PKC but not by activation of adenylate 

cyclase or PKA. Although these results demonstrated that AK activity was decreased by 

PKC activation, which lead to increased adenosine release, the direct effect of PKC on 

AK was not shown. Future studies rnust be undertaken to investigate the mechanism by 

which PKC decreases AK activity. As there are a nurnber of consensus PKC 

phosphorylation sites on AK, the hypothesis would be that direct phosphorylation of AK 

by PKC leads to decreased activity. As AK has been shown to be affected by ATP, M$, 

pH and Pi, the interaction between PKC and these endogenous regulators must also be 

investigated. The inhibition of AK activity by adenosine Ai receptor activation or 

increased PKC activity adds another layer of cornplexity to the regulation of AK. This 

provides fùrther evidence for the potential role of AK in the control of minute-to-minute 

adenosine levels. 

Although the DDTiMF-2 cells are a well-charactenzed adenosinergic model, 1 

wished to investigate whether similar events occurred in a CNS ce11 culture system. In 

early studies to determine the nucleoside transporters expressed by C6 rat glioma cells, I 



discovered that, contrary to expectations, the AK inhibitors ITU or NHzdAdo did not 

decrease [3~]adenosine accumulation. As numerous studies have demonstrated the ability 

of AK inhibitors to decrease adenosine accumulation in ceIls containing the es nucleoside 

transporter, 1 hypothesized that the expression of rENTl nucleoside transporters but 

not rCNT2 will produce inhibition of adenosine uptake by adenosine kinase 

inhibitors in rat C6 glioma cells. Using rat C6 giioma ceIls that were transfected with 

either rENTl or rCNT2 cDNA, 1 demonstrated that the rENTl enabled ITU to decrease 

the accumulation of [3~]adenosine while neither transporter enabled NHzdAdo to have a 

potent effect. These studies also demonstrated that both ITU and NHzdAdo directly 

inhibited the native ei transporters in the C6 cells. Based on the structural similarity of 

TTU and NHzdAdo to other permeants of the nudeoside transporters, it is not surprising 

that there is direct interaction of the compounds with the ei transporter. Based on other 

studies, the ability of the rENT1 transporter to facilitate the entry of ITU but not 

NH2dAdo was expected. Future studies should investigate the next generation of 

adenosine kinase inhibitors that are currently being developed by Abbott and Metabasis 

Therapeutics to aietermine if similar mechanisms occur. These results demonstrate a 

mechanism by which AK inhibitors may cause "site" selective increases in endogenous 

adenosine. An important extension of this work is to determine the cellular and regional 

distribution of the respective nucleoside transporter subtypes, in order to predict the 

effect of the AK inhibitors on adenosine levels. 

Astracytes have been proposed to be the principal regulator of endogenous 

adenosine levels in the brain (Bender and Hertz, 1986; Matz and Hertz, 1989). However, 

there have been few reports, which investigate this claim. 1 wished to determine how 



astrocytes might be involved in the regdation of extracellular adenosine and how this 

may be affected by different stimuli. In this project, 1 had hypothesized that ATP- 

depletion with sodium cyanide and iodoacetate will induce the release of adenosine 

from rat C6 glioma ceUs through the ei nucleoside transporter, When the cells were 

loaded with ['~ladenine and depleted of ATP, 1 expected the C6 cells to release large 

quantities of ['~]adenosine, similar to the results I saw with the DDTl MF-2 cells. 

However, no significant increase in [-'~]adenosine release was seen. There was a large 

increase in the release of [3~]hypoxanthine fiom these cells. The lack of r3~adenosine  

release was not due to the inability of the ei transporter to facilitate adenosine release as 

I~H]FB and [-'~]inosine was effectively released by these cells. The release of 

hypoxanthine but not adenosine was due to AMPDA metabolizing AMP to IMP rather 

than c-N-1 dephosphorylating AMP to adenosine. This 'alternate' metabolic pathway led 

to the production of inosine, which was then metabolized by PNP to hypoxanthine. These 

results are similar to the release pattern of purines seen fiom ATP-depleted adipocytes 

(Kather, 1988; Kather, 1990) and T cells but not B cells (Barankiewicz et al., 1990). 

These results may support the hypothesis that astrocytes are important in producing 

extracellular adenosine via the release of adenine nucleotides.This could not be tested as 

the C6 cells do not release AïT (Cotrina et al., 1998a). 

From the previous study, 1 was concemed that the results were due to cell type or 

protocol dependent effects. 1 wished to investigate whether "reaI" CNS cells produced 

adenosine release during hypoxiaper se compared to mimicking hypoxia with 

iodoacetate and cyanide. Based on my previous study, 1 hypothesized that hypoxia, 

inhibition of glycolysis or inhibition of oxidative phosphorylation will induce the 



release of adenosine from rat prirnary cortical neurons and of inosine and 

hypoxanthine from rat primary cortical astrocytes- Once again, my hypothesis did not 

prove to be correct. Neither of these ce11 types released significant amounts of 

[3~]adenosine in the absence of AK or ADA inhibitors. However, a number of interesting 

differences were seen between neurons and astrocytes with regard to purines released due 

to different stimuli. Under basal conditions, astrocytes released significantly more 

[ ' ~ l ~ u r i n e s  than did neurons, predorninantly due to large quantities of [ 3 ~ ~ M P  released 

by the astrocytes. This correlates with the proposed role of adenine nucleotides released 

fi-om astrocytes in cell-ce11 signaling (Cotrina et al., 1998a; Cotrina et al., 1998b; Guthrie 

et al., 1999). During ATP-depeletion with hypoxic buffer, 100 ghl NaCN or 500 pM 

IAA, neurons released significantly greater amounts of [ 3 ~ ] p ~ n e s  than astrocytes. 

Neurons were particularly sensitive to hypoxia compared to astrocytes as neurons 

increased hypoxanthine and inosine release whiIe astrocytes were not affected by this 

stimulus. This indicates that during hypoxia in vivo, neurons are likely the site of 

extracellular purine release while astrocytes may be a site of accumulation. In order to 

evaluate further the potential cycling of purines beniveen astrocytes and neurons, fUture 

studies should evaluate purine release and accumuIation between neurons and astrocytes 

in CO-culture and physiological slice models. It is possible that mono-cultures of either 

ce11 type and cytoarchitectural effects of 2-dimensional ce11 culture plates may affect the 

mechanisms of purine regulation. In addition, fbture in vitro studies should attempt to 

decrease the extracellu1ar:intracellular volume ratio, as the large extracellular volume of 

ce11 culture systems may affect the ability to gauge local purine levels. These studies 

along with better characterization of the cellular and regional distribution of nucleoside 



transporters and purinergic enzymes wili enable a better understanding of the sites of 

adenosine production in the CNS. 

Based on the results of my final two manuscripts and the relevant literature, 1 

would like to propose a purine "shuttle" or cycle between neurons and astrocytes (fig 25). 

As can be seen in fig 25, the putative cycle is cornplex. This hypothesis supports the 

notion that adenosine in the extracellular environment is derived from adenosine release 

per se predominantly fiom neurons and that astrocytes and neurons are both capable of 

releasing ATP, however, via different mechanisms (see section 3.1.1 ; fig 25 #14 and 

#15). Although ATP can be metabolized by neurons and astrocytes (fig 25 #l l), the 

extracellular production of adenosine nom adenine nucleotides occurs primarily on 

astrocytes as e-N has been reported to be on astrocytes but not neurons (Zimmermann, 

1992) (fig 25 #IO). Based on rny h a 1  study, it appears that astrocytes may be more 

important for the release of adenine nucleotides than are neurons. It does not appear that 

either ce11 type releases appreciable quantities of adenine nucleotides during ATP 

depletion, indicating that this is not an important route of extracellular adenosine during 

these conditions. 

Although neither neurons nor astrocytes released adenosine during ATP depleting 

conditions in the paradigms tested, adenosine release has been demonstrated in in vivo 

and slice models during similar conditions. The lack of adenosine release in the isolated 

ceil culture systems may indicate an alteration in purine metabolism compared to in vivo. 

At present, no studies have demonstrated a differential distribution of nucleoside 

transporters in neurons and astrocytes. Based on molecular and transport studies (see 

section 3.2.1) in the mamrnalian CNS, one may hypothesize that both ce11 types possess 



Figure 25: Schematic Diagram of Purine Cycle between Neurons and Astrocytes 

A schernatic diagram of a putative purine cycle between neurons and astrocytes. The arrows 
indicate the predominant direction of metabolism during ATP depleting conditions. The thick 
arrows indicate predominant pathways, narrow arrows indicate alternate pathways and broken 
arrows indicate pathways that do not appear to be present in vivo but have been reported in virro. 
ADO-adenosine, INO-inosine, HX-hypoxanthine, UA-uric acid, SM-S-adenosyl homocysteine, 
1 -AMP-selective 5'nucleotidase, 2-adenosine kinase, 3-AMP deaminase, 4-adenosine 
deaminase, 5-BEP-selective 5 'nucleotidase, 6-purine nucleoside phosphorylase, 7- 
hypoxanthine-guanine phosphonbosyl transferase, 8-xanthine oxidase, 9-phosphodiesterases, 10- 
ecto-5 'nucleotidase, 1 1 -ecto-ATPases, 12- S-adenosylhomocysteine hydrolase, 13-nucleoside 
transporters, 14-non-vesicular ATP release, 15-vesicular ATP release, 16-nucleobase transporters 



equilibrative nucleoside transporters in vivo. Thus, it is likely neurons and astrocytes have 

the ability to accurnulate and release adenosine and other nucleosides. The basic rationale 

behind this hypothesis lies not in the release of adenosine but in the asymmetric 

expression of purinergic enzymes. The most important difference in enzyme activity is 

seen in the expression of PNP in astrocytes but not in neurons in vivo. Although PNP has 

been reported in cultured neurons, astrocytic PNP expression would be expected to 

produce hypoxanthine rather than inosine during ATP depleting conditions, as was seen 

in the final hiro studies. Conversely, ifneurons lacked PNP expression, these cells would 

be expected to release large quantities of inosine rather than hypoxanthine. The potential 

cycle depends on neuronal production of inosine and the ability of the astrocyte to 

metabolize inosine to hypoxanthine, which can then be released. Dunng ATP limited 

conditions, inosine is primarily metabolized by PNP to hypoxanthine, as opposed to 

phosphotransferase by c-N-II (see section 3.5.2.2). If inosine is produced in neurons 

during ATP-depleting conditions, it will be released into the extracellular spaces by 

equilibrative nucleoside transporters. As similar increases in intracellular inosine will not 

be seen in astrocytes because of PNP activity, inosine released from neurons will be able 

to be transported into astrocytes. The inosine in astrocytes whether derived fiom 

astrocytic metabolism or accumulation from the extracellular environment will then be 

metabolized by PNP to hypoxanthine. The intracellular hypoxanthine can either be 

released into the extracellular cornpartment via equilibrative nucleobase transporters (fig 

25 #16) or metabolized by HGPRT to IMP (fig 25 #7). Although xanthine oxidase has 

been reported in neurons and astrocytes in vitro, xanthine oxidase will not metabolize 

hypoxanthine in astrocytes in vivo as it is found in microglia and endothelial cells in the 



CNS (Moriwaki et al., 1999; Terada et al., 1991). Based on this hypothesis, neurons 

release inosine, which is accumulate by astrocytes and metabolized to hypoxanthine that 

is released in the extracellular compartrnent. Hypoxanthine will then be accumulated into 

the neurons and metabolized by HGPRT to IMP. As the purine nucleotide cycle (AMP + 

IMP + adenyl succinate) has been reported to be important in maintainhg neuronal 

energy charge (Van den Berghe et al., 1992), neuronal HGPRT metabolism of 

hypoxanthine would be important for replenishing nucleotide levels fkom the released 

inosine. This cycle would function similarly to the glutamate-glutamine cycle that has 

been demonstrated in astrocytes and neurons. The importance of this putative cycle to 

regulation of extracellular adenosine levels is unclear. This cycle also would fwiction 

with adenosine release fiom neurons as inhibition of adenosine kinase activity during 

ATP depletion will limit the replenishing of adenine nucleotides from adenosine. 

However, there is little evidence fkom the literature or fkom my studies that would 

indicate that this occurs. While the hypothesis has a strong basis, a number of critical 

elements in addition to direct evidence is required to M e r  support the concept. 

AIthough HGPRT activity has been demonstrated in astrocytes and neurons in vitro, there 

have been no reports of asymmetrical distribution of HGPRT activity between these cells 

in vivo. If there were greater activity of HGPRT in neurons, this would support the 

putative purinergic cycle. In addition, it would be very interesting to determine whether 

there is asymmetrical distribution of AK, ADA, c-N-1, c-N-II or AMPDA activity 

between astrocytes and neurons. While none of these enzymes would ultirnately disprove 

the hypothesis, it would be strengthened if the activity of ADA, AMPDA and c-N-II were 

similar between the two ce11 types while AK and c-N-1 were higher in neurons. ADA, 



AMPDA and c-N-II would be integral to the production of inosine in both cells. Higher 

neuronal AK and c-N-1 activities would indicate that adenosine is produced primarily 

kom a neuronal source, and may be controlled on a minute-to-minute basis. While these 

experiments would help to elucidate this potential cycle, the only tme measure of it 

would be to be able to follow the movement of purines between the two cells. Due to the 

complexity of this system, it is unlikely that this c m  be easily performed chemically or 

with radioisotopes. Thus, it may be very difficult to demonstrate the existence of this 

cycIe for sure. 

The overall importance of this thesis work is that it has provided a better 

understanding of how cells metabolize and transport adenosine and other purine 

nucieoside and nucleobases. It describes mechanisms of purine metabolism and how 

these can be pharmacologically regulated in order to facilitate increased levels of 

extracellular adenosine levels. It illustrates the complex systems involved in adenosine 

transport and metabolism. 1 am left with the opinion that designing a dmg that is ce11 and 

BBB permeable, selectively active in the CNS and is reversible is a taIl order (Von 

Lubitz, 1 999). However, it is clear that adenosine has a multitude of effects and 

adenosine levels are affected by a wide range of dmgs and stimuli. 
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