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Abstract 

Inhibitors of adenosine kinase, but not adenosine deaminase, produce antinociception when admiuistered spinally. In this study, we 
evaluated the relative contribution of adenosine kinase and adenosine deaminase to the reguiation of adenosine release into the 

extracellular space within the spinal cord by determining the effects of the adenosine kinase inhibitors 5’-amino-5’-deoxyadenosine and 

5-iodotubercidin. and the adenosine deaminase inhibitor 2’-deoxycoformycin on adenosine release from spinal cord slices in an in vitro 

perfusion system. Both 5’-amino-5’-deoxyadenosine (5-50 yM) and 5-iodotubercidin (5-50 FM), but not 2’-deoxycoformycin (50 PM), 

augmented adenosine release. 5-lodotubercidin was slightly more potent and effective than S-amino-S-deoxyadenosine in augmenting 

release except at the highest concentration, where it was considerably more effective. Combinations of 2’-deoxycoformycin (50 PM) and 

minimally active concentrations of 5’-amino-5’-deoxyadenosine and 5-iodotubercidin (5 PM each) produced a synergistic enhancement of 

release. These results support a predominant involvement of adenosine kinase in regulatin g extracellular adenosine levels in the spinal 

cord, but adenosine deaminase also can play a significant role. 
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I. Introduction 

The spinal application of adenosine analogs produces 

antinocicegtion in thermal threshold (reviewed Sawynok. 
1991), inflammatory (Malmberg and Yaksh, 1993; Poon 
and Sawynok, 1995) and neuropathic pain tests (Sosnow- 
ski and Yaksh, 1989; Minami et al., 1992). In view of this 
wide spectrum of activity, there is considerable interest in 
the possibility of developing adenosine-like compounds as 
therapeutic agents for the relief of pain (reviewed Sawynok, 
1996). The spinal actions of adenosine analogs however 
may be limited by a modest separation between doses that 
produce antinociception and motor effects (DeLandcr and 
Hopkins, 1987; Karlsten et al., 1990). An additional ap- 
proach may be the use of inhibitors of adenosine 
metabolism which potentially might recruit adenosine re- 
leased endogenously (either as adenosine per se or as 
nucleotides which are metabolized to adenosine) either in 
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an ongoing manner or due to neuronal stimulation. A basal 
release of both adenosine and adenosine triphosphate has 
been demonstrated from spinal cord preparations in vitro 
and in vivo (Sweeney et al., 1989; Sawynok et al., 1993), 
and a further release may occur due to sensory afferent 
stimulation (Fyffe and Perl, 1984; Salter et al., 1993). If 
such release can occur selectively within the dorsal but not 
the ventral spinal cord. fewer motor effects may occur 
following the indirect regulation of such release. 

The intrathecal application of an adenosine kinase (but 
not an adenosine deaminase) inhibitor has been shown to 
produce antinociception in a thermal threshold (Keil and 
DeLander, 1992) and in an inflammatory pain test (Peon 
and Sawynok, 199%. This was not accompanied by motor 
effects. suggesting tSat the indirect approach may well be a 
useful way of recruiting adenosine systems in the spinal 
cord. These behaviourai observations suggest adenosine 
kinase is significantly involved in regulating the levels of 
adenosine in the spinal cord. These data are consistent with 
observations that inhibitors of cdenosine kinase. but less so 
adenosine deaminase. are anticonvulsant foiiowing central 
administration (Murray et al., 1993; Zhang et al., 1993). 
Neurochemical experiments in various brain regions ais0 
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have provided cl&t in support of a predominant role of 
adenosine kinase in regulating endogenous adenosine lev- 
els in neural tissue (Sciotti and Van Wylen, 1993; Pak et 
al., 1994; White, 1994). 

In the present study, we have evaluated the relative role 
of adenosine kinase and adenosine deaminase inhibitors in 
regulating adenosine release from spinal cord slices in an 
in vitro superfusion system. The adenosine kinase in- 
hibitors used were 5’-amino-5’-deoxyadenosine (Miller et 
al., 1979) and 5-iodotubercidin (Davies et al., 1984, 1986) 
while the adenosine deaminase inhibitor was 2’-deoxyco- 
formycin (Padua et al., 1990). Results indicate that inhibi- 
tion of adenosine kinase plays a predominant role in 
regulating adenosine release in the spinal cord, yet adeno- 
sine deaminase also plays a significant role, since coad- 
ministration of inhibitors of both systems produces a syn- 
ergistic enhancement of adenosine release. 

2. Materials and methods 

2. I. Tissue preparation 

Adult male Sprague-Dawley rats (300-325 g; Charles 
River Canada, Quebec, Canada) were killed by decapita- 
tion and their spinal cords removed by hydraulic extrusion 
and placed into ice-cold Krebs-Henseleit bicarbonate buffer 
containing (mM) Ill NaCl, 26.2 NaHCO,, 4.7 KCl, 1.2 
NaH,PO,, 1.8 CaCl,, 1.2 MgCl,. 11 glucose, gassed with 
95% 0,/5% CO, to maintain a pH of 7.4. After the dura 
was removed, the thoracic-lumbar sections were cut into 
lengths of approximately 5 mm and longitudinal slices 450 
PM thick were prepared with a McIlwain tissue chopper. 

2.2. Supe@sion 0s slices 

Slices (8-10) were placed on a nylon mesh screen 
supported by a cylindrical platform in two tissue baths 
adjusted to an internal volume of 0.5 ml each. Slices were 
superfused from top to bottom with oxygenated Krebs- 
Henseleit medium at 37°C and a flow rate of 0.75 ml/min. 
Slices were equilibrated for 35 min prior to collection of 
10 serial 2.5 min fractions. Three initial fractions were 
collected to determine the basal adenosine release, then the 
superfusing buffer was switched for 10 min to buffer 
containing the adenosine kinase or deaminase inhibitor, 
then the superfusing buffer was switched back to Krebs- 
Henseleit buffer for the final three fractions. Following 
COkCtiOn of all fractions, slices were removed from the 
tissue baths, blotted and weighed. 

2.3. Determination of adenosine 

Samples Of superfusate were deproteinated with 
Ba(QH), and ZnSO, and then reacted with chloroacetalde- 

hyde to form 1 -N’-ethenoadenosine, which was assayed by 
high-performance liquid chromatography with fluores- 
cence detection as described previously (Craig and White, 
1993). Adenosine standards were prepared in appropriate 
drug containing Krebs-Henseleit medium and processed 
identically to superfusate samples. The sample adenosine 
content was quantitated by a comparison of peak heights. 
Adenosine release for each fraction is expressed as 
pmol/g/min. Release over basal was obtained by sub- 
tracting the rate of release for the sample immediately 
preceding drug exposure. Total release is a summation of 
release at each interval during drug exposure. 

2.4. Drugs 

Adenosine and 5’-amino-5’-deoxyadenosine were pur- 
chased from Sigma Chemical (St. Louis, MO, USA), and 
5-iodotubercidin from Research Biochemicals Int. (Natick, 
MA, USA). 2’-Deoxycoformycin (Pentostatin) was a gift 
from Parke-Davis Pharmaceutical Research Division (Ann 
Arbor, Ml, USA). 5-Iodotubercidin was dissolved in 
dimeth;++ulfoxide and diluted to the final volume with 
Krebs-Henseleit medium (final concentration 0.5%). 

2.5. Statistical analysis 

The effects of the drugs on the rates of adenosine 
release were analysed for differences by the unpaired 
Student’s t-test. 

3. Results 

Super-fusion of spinal cord slices with Krebs-Henseleit 
medium results in a detectable basal release of adenosine 
that exhibits some decline over the time course examined 
(Fig. 1). Superfusion of the slices with 5-50 PM 5’- 
amino-5’-deoxyadenosine and 5-iodotubercidin produced a 
concentration-dependent enhancement of adenosine release 
compared to pre-drug basal values (Fig. I). Peak effects 
occurred within 5 min of drug addition and increases were 
sustained during drug application. 5-Iodotubercidin was 
slightly more potent and effective than 5’-amino-deoxy- 
adenosine at concentrations up to 25 PM, but at the 
highest concentration (50 ,uM), was markedly more effec- 
tive (Fig. 2). Perfusion of the spinal cord with 50 PM 
2’-deoxycoformycin produced only a slight increase in 
adenosine release (Figs. 2 and 3). Coadministration of 50 
PM 2’-deoxycoformycin with modestly active concentra- 
tions of 5’-amino-S-deoxyadenosine and 5-iodotubercidin 
(5 FM each) produced a synergistic enhancement of re- 
lease (Figs. 3 and 4). The extent of the enhancement 
presented in the figure insets is underestimated because the 
complete enhancement of release was not delineated dur- 
ing the time course used for these experiments. 
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Fig. 1. Effect of inhibition of adenosine kinase with (A) 5’-amino-5-deoxyadenosine (NH,dAD). and (B) 5iodotubercidin (IOT) on levels of extracelluku 

adenosine in rat spinal cord slices. Figure depicts time course of increase over basal adenosine release. Drugs were perfused from time 0 to 10 min. Data 

are expressed as the mean + S.E.M. (II = 9-Y). 

4. Discussion 

Within the cell, adenosine levels are regulated by phos- 
phorylation by adenosine kinase and deamination by 
adenosine deaminase (reviewed Meghji, l99l). Adenosine 
kinase has a higher affinity for adenosine than does adeno- 
sine deaminase, and it is likely that adenosine is phospho- 
rylated at low concentrations ar.d deaminated zt high ccn- 
centrations. As some differences may occur within specific 
cell types (Meghji. 1991), it is important to determine 
which mechanism(s) is (are) responsible for regulation of 
intracellular and extracellular adenosine at specific sites. In 
the present study, it appears that adenosiae kinase is more 
important than adenosine deaminase for regulating extra- 
cellular adenosine levels in the spinal cord, as adenosine 
kinase inhibitors arc both more potent and more effective 
than an adenosine deaminase inhibitor in enhancing adeno- 
sine levels collected in the superfusate. The spinal cord is 
thus similar to +Ae striatum. hippocampus and cortex where 
similar observations have been made (Sciotti and Van 
Wylen, 1993; Pak et al., 1994; White, 1996). While there 
might be some concern that the relative inactivity of 
2’-deoxycoformycin might be due to delayed cellular up- 
take (Newby, 198 l), marked effects for 2’-deoxycoformy- 
tin are seen in combination with adenosine kinase in- 
hibitors (see below) and in the in situ spinal cord 
(Golembiowska et al., 1995) using this time course of 
application, which suggests this may not be a major factor 
in determining its lesser activity. 

The demonstration of a greater effect on adenosine 
release from spinal cord slices by adenosine kinase in- 

hibitors than by an adenosine deaminase inhibitor is also 
consistent with observations in behavioural experiments 
following the spinal administration of these agents. Thus, 
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Fig. 2. Dose-response relationship for the effect induced by the adenosine 

kinase inhibitors 5’-amin*S’deoxyadenosine o’JH+IAD) and 5-iodotu- 

bercidin (IOT) and the adenosine deaminase inhibitor 2’-deoxycoformy- 

tin (DCF) on adenos’xe release from rat spinal cord slices. Data are 

expressed as a mean_+ S.E.M. for total increase over basal adenosint 

release during exposure to drug In = -1-7 except for DCF where n = 3). 
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Fig. 3. Effect of 2’-deoxycoformycin (DCF) 50 PM and S-amino-S-deoxyadenosine (NH?dAD) 5 FM administered in combination on adenosine release 
from rat spinal cord slices. Drugs were perfused from time 0 to 10 min. Values are mean + S.E.M. for II = 4. Inset indicates total adenosine release during 
drug perfusion. * P < 0.01 compared to DCF or NH,dAD alone. 

following intrathecal application, adenosine kinase but not receptor (cf. Davies et al., 1984, 1986). Adenosine deami- 
deaminase inhibitors produce antinociception in the tail nase is localized in the superficial layers of the dorsal 
flick (Keil and DeLander, 1992) and formalin tests (Peon spinal cord in small diameter sensory afferents (Nagy and 
and Sawynok, 1995). Antinociception is inhibited by meth- Dadonna, 1985; Geiger and Nagy, 1986), and is thus 
ylxanthines indicating it is due to activation of cell surface preferentially localized in good proximity to adenosine 
adenosine receptors, most likely by adenosine which accu- receptors believed to mediate spinal antinociception (Geiger 
mulates as a result of inhibition of metabolism, rather than et al., 1984; Choca et al., 1988). To our knowledge, there 
by the inhibitor interacting directly with the adenosine is no specific data on the distribution of adenosine kinase 
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Fig. 4. Effect of 2’-deoxycoformycin (DCF) and 5-iodotubercidin (IOT) administered in combination on adenosine release from rat spinal cord slices. 
Drugs were perfused from time 0 to 10 min. Inset indicates total adenosine release during drug perfusion. Values are mean f S.E.M. for n = 4. * 
compared to DCF or IOT alone. 
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within the spinal cord, but it might be reasonable to 
assume a meaningful juxtaposition with adenosine deami- 
nase. Adenosine kinase inhibitors also potentiate antinoci- 
ception produced by opioids (Kei! and DeLander, 1994) 
which probably occurs due to opioid-induced release of 
endogenous adenosine from the spinal cord (DeLander and 
Hopkins, 1987; Sweeney et al., 1989; DeLander et a!., 
1992; Cahill et a!., 1995). InterestingIy, when adenosine 
itself is administered into the intratheca! space, inhibition 
of adenosine deaminase produces a greater enhancement of 
antinociception than does inhibition of adenosine kinase 
(Kei! and DeLander, 1994). This could reflect an involve- 
ment of an extracellular adenosine deaminase (see Meghji, 
1991) in spinal cord metabolism of adenosine under cer- 
tain conditions, or a more prominent role for adenosine 
deaminase when adenosine levels are high due to exoge- 
nous administrzion. 

The present study also demonstrates a marked synerg} 
between coadministration of adenosine kinase and adeno- 
sine deaminase inhibitors. Such synergy has previously 
been noted in behavioura! studies where combinations of 
5’-amino-S-deoxyadenosine and 2’-deoxycoformycin pro- 
duce an augmented anticonvulsant activity (Bang et al., 
1993). Although such synergy has also been noted in 
neurochemical studies in brain (Sciotti and Van Wylen, 
1993; Pak et a!., !994), the extent of the increase seen in 
wose studies was less than that observed in the present 
study. It may be that in the spinal cord, there is less 
differential in the relative affinities and capacities of 
adenosine for adenosine kinase and adenosine deaminase, 
and only a modest inhibition of adenosine kinase is re- 
quired to recruit the involvement of adenosine deaminase. 
This might explain why in the intact spinal cord prepara- 
tion, where test conditions are somewhat different from 
those in the present study, a prominent role for adenosine 
deaminase in regulating extracellular adenosine levels is 
apparent (Golembiowska et a!., 1995). 

The in vitro characterization of S-amino-5’-deoxy- 
adenosine and 5-iodotubercidin indicates that 5’-amino-5’- 
deoxyadenosine is more potent than 5-iodotubercidin in 
inhibiting adenosine kinase (Ki 0.02 PM vs. l-5 PM) 
(Miller et al., 1979; Davies et al., 19S4) (although some of 
this difference may be due to different tissue sources of 
adenosine kinase). When applied directly into the prepiri- 
form cortex, both agents exhibit a similar potency and 
efficacy at suppressing bicuculline-induced convulsions 
(Zhang et a!., 1993). In the present study, 5’-amino-deoxy- 
adenosine and 5-iodotubercidin exhibited a similar ability 
to enhance adenosine levels at concentrations up to 25 
PM, but at 50 PM, 5-iodotubercidin was considerably 
more effective than 5’-amino-5’-deoxyadenosine. While 5- 
iodotubercidin also inhibits adenosine uptake (Davies et 
a!., 1984, Davies et al., 1986), this is likely to be sec- 
ondary to inhibition of adenosine kinase as 5-iodotuberci- 
din does not affect rapid transport of adenosine into 
synaptosomes (Wu et al., 1984). As this effect occurs at 

low concentrations of 5-icdotubercidin, it may not be an 

adequate explanation for enhanced activity at the higt:r 

concentration. 5-Iodotubercidin inhibits a numhr of pro_ 

kin kina§eS (including protein kinase C) in addition to 
adenosine kinase at 50 PM (Massillon et al., !994), and it 
is more likely that actions of this kind contribute to the 
enhanced activity at the highest concentration of 5- 
iodotubercidin. 

In summary, inhibition of adenosine kinase produces a 
greater degree of enhancement of efflux of adenosine into 
the extracellular space from spinal cord slices than does 
inhibition of adenosine deaminase. This enhanced appear- 
ance of adenosine probably contributes to spinal antino& 
ception foIlowing intratheca! administration of adenosine 
kinase inhibitors. Simultaneous inhibition of adenosine 
deaminase produces a significant further enhancement of 
adenosine release. The consequences of simultaneous ad- 
ministration of adenosine kinase and deaminase inhibitors 
in nociceptive paradigms have yet to be reported. 
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