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(1) 83–91, 1999.—Adenosine (ADO) is an inhibitory neuromodulator that can increase the nociceptive threshold in
animals exposed to a variety of noxious stimuli. Inhibition of the ADO-metabolizing enzyme, ADO kinase (AK), provides a
means of locally enhancing extracellular ADO concentrations. In the present study, the AK inhibitors 5

 

9

 

-amino,5

 

9

 

-deoxy-
ADO (NH

 

2

 

dADO), 5-iodotubercidin (5-IT), and 5

 

9

 

-deoxy,5-iodotubercidin (5

 

9

 

d-5IT) were examined for their analgesic effi-
cacy in the hot-plate model of acute somatic nociception. Control and drug-treated adult male mice were placed on a 55

 

8

 

C
hot plate and the latency to the 10th jump was recorded via a computer driven infrared-beam photosensor. All three AK in-
hibitors were found to significantly increase jump latencies in a dose-dependent fashion. 5

 

9

 

d-5IT was the most potent AK in-
hibitor (approx. ED

 

50

 

 value 

 

5

 

 1 

 

m

 

mol/kg, IP), followed by 5-IT (ED

 

50

 

 value 

 

5

 

10 

 

m

 

mol/kg, IP), and NH

 

2

 

dADO (ED

 

50

 

 value 

 

5

 

100 

 

m

 

mol/kg, IP). 5

 

9

 

d-5IT was found to be more potent and equally efficacious to morphine (ED

 

50

 

 value 

 

5

 

 5.2 

 

m

 

mol/kg, IP) in
this assay. In a model of persistent chemical pain, the phenyl-

 

p

 

-quinone-induced abdominal constriction assay, 5

 

9

 

d-5IT (ED

 

50

 

value 

 

5

 

 1.5 

 

m

 

mol/kg, SC) and morphine (ED

 

50

 

 value 

 

5

 

 3.0 

 

m

 

mol/kg, SC) dose dependently reduced nociception. Pretreat-
ment of mice with either the nonselective ADO receptor antagonist, theophylline (56 

 

m

 

mol/kg, IP), but not the peripherally
acting antagonist, 8-(

 

p

 

-sulfophenyl)-theophylline (8-PST, 200 

 

m

 

mol/kg, IP) significantly attenuated the antinociceptive effects
of 5

 

9

 

d-5IT in the hot-plate assay. Furthermore, the antinociceptive effects of 5

 

9

 

d-5IT were completely blocked by an ADO A

 

1

 

receptor selective antagonist, DPCPX, while an ADO A

 

2A

 

 receptor selective antagonist, ZM 241385, showed markedly less
antagonist activity. The analgesic effects of 5

 

9

 

d-5IT were not blocked by the opioid receptor antagonist naloxone; however,
5

 

9

 

d-5IT could produce additive analgesic effects with morphine when both compounds were administered in combination.
The apparent efficacy of 2.5 

 

m

 

mol/kg, IP, of 5

 

9

 

d-5IT was not significantly altered following the repeated administration of this
dose twice daily for 4 days. The present data provide evidence for an antinociceptive action of AK inhibitors in the hot-plate
test, which, at least for 5

 

9

 

d-5IT, is mediated by an enhancement of ADO’s actions at the ADO A

 

1

 

 receptor subtype, is non-
opioid in nature, and which does not exhibit tolerance following repeated administration. © 1999 Elsevier Science Inc.

 

Adenosine Adenosine kinase Analgesia Hot plate Nociception

 

THERE is abundant evidence to indicate that the purine nu-
cleoside, ADO, functions as an important modulator of cellu-
lar function in mammalian physiology (14). The fact that
ADO inhibits neurotransmitter release in both the central
and peripheral nervous systems (13) has lead to the hypothe-
sis that ADO provides an inhibitory buffer to excitatory neu-
rotransmission. The inhibitory effects of ADO on cellular ex-

citability are mediated via interactions with different cell surface
receptor subtypes (termed P1 receptors: A

 

1

 

, A

 

2A

 

, A

 

2B

 

, and A

 

3

 

receptors), and can result in cellular protection during condi-
tions of physiological stress or trauma including ischemia, sei-
zures, and inflammation.

It has also been demonstrated that the activation of ADO
receptors can modulate nociception (35,37). ADO receptor
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agonists administered both systemically (1,17,18,38) and cen-
trally (11,33,38,41) have been shown to produce dose-depen-
dent antinociception in a number of acute pain models such as
the tail-flick and hot-plate tests. These effects appear to be
ADO receptor mediated because ADO-induced analgesia
can be blocked by ADO receptor antagonists such as caffeine
and theophylline (1,18). In addition, ADO receptor antago-
nists when administered alone can produce hyperalgesia
(22,29). ADO receptors (5), ADO immunoreactivity (3),
ADO deaminase (ADA) (15), and ADO transporters (15)
are localized in the spinal cord, which appears to be a major
site of action of ADO mediated analgesia (24,37).

Extracellular concentrations of ADO can be enhanced
through the inhibition of the primary intracellular ADO me-
tabolizing enzyme, ADO kinase (AK) (7,8). The functional
significance of the inhibition of AK in vivo is illustrated by re-
ports that AK inhibitors can increase ADO concentrations (4)
and decrease seizure susceptibility when administered directly
into the central nervous system (42). Because AK inhibition
has been shown to selectively increase ADO levels only in
neural tissue undergoing trauma (4), AK inhibition may rep-
resent a mechanism to selectively enhance the actions of
ADO while minimizing nonspecific side effects associated
with ADO receptor agonists (14,40). Consistent with these
observations, a recently described AK inhibitor, GP 683 has
been shown to reduce the anesthetic requirement in dogs at
doses that do not affect cardiovascular function (39).

Endogenous ADO appears to exert a tonic modulation of
nociceptive processing because blockade of ADO receptors
has been shown to be algogenic (22). Further, the intrathecal
administration of an AK inhibitor, NH

 

2

 

dADO (Fig. 1), has
been shown to produce antinociception in tests of acute (24)
and persistent (32) pain. The analgesic efficacy of AK inhibi-
tion appears to be more robust compared to that produced by
inhibition of ADA (24,32). Similarly, inhibition of AK has
been shown to be more effective than inhibition of ADA in
reducing seizure susceptibility (28). AK inhibitors also appear
to be more effective in increasing the release of ADO from
spinal cord slices as compared to ADA inhibitors (16).

Demonstrations of the antinociceptive effects of AK inhi-
bition have been primarily based on the pharmacology of in-
trathecally administered NH

 

2

 

dADO (24,32), which inhibits
AK with nanomolar affinity but has poor cell penetrability
and may have limited access to the CNS following systemic
administration (25). Other potent AK inhibitors such as
5-iodotubercidin (5-IT) and 5

 

9

 

-deoxy,5-iodotubercidin (5

 

9

 

d-5IT)
(Fig. 1) have greater affinity for intracellular AK (7,8) and
have in vivo efficacy in animal models of chemically induced
seizures (25) and transient ischemia (21,27) following systemic

administration. The present studies were conducted to investi-
gate the analgesic effects of these three prototypic AK inhibi-
tors following systemic administration in the hot-plate model
of acute somatic nociception.

 

METHOD

 

Subjects

 

Male CF-1 mice (Harlan Farms, Portage, MI), weighing
approximately 25–30 g, were used in the present studies. Mice
were housed 14 to a cage and maintained in a climate con-
trolled facility with a 12 L:12 D cycle. In all experiments, in-
dividual animals were used once. All animal handling and
experimental protocols were approved by an institutional ani-
mal care and use committee (IACUC), and were conducted in
accordance with the ethical principles for pain-related animal
research of the American Pain Society.

 

Test Compounds

 

NH

 

2

 

dADO and 5-IT were purchased from Research Bio-
chemicals Inc. (Natick, MA). 5

 

9

 

d-5IT was synthesized at Ab-
bott Laboratories. Morphine sulfate was purchased from
Mallinckrodt (St. Louis, MO). ZM 241385 was purchased
from Tocris Cookson Inc. (Ballwin, MO). Other test com-
pounds were purchased from Research Biochemicals Inc.
(Natick, MA). All test compounds were administered IP at a
volume of 10 ml/kg.

 

Analgesia Testing

 

Analgesia was measured using a 16-chamber automated
hot-plate analgesia monitor (Model No. AHP16AN, Omni-
tech Elecronics, Columbus, OH) using methodology adapted
from Bannon et al. (2) and Decker et al. (9). The temperature
of the hot plate was maintained at 55

 

8

 

C. Experimentally naive
mice were placed in individual, 9.8 

 

3

 

 7.2 

 

3

 

 15.3 cm (L 

 

3

 

 W 

 

3

 

H) plastic enclosures on the hot plate, and the latency until
the tenth jump was recorded. Jumps were recorded by disrup-
tion of a photocell beam located 12.5 cm above the surface of
the hot plate. Mice were removed from the hot plate after ei-
ther 10 jumps were made or 180 s (approximately three times
control latencies) had elapsed, whichever occurred first. The
latency until the tenth jump was used for statistical analysis.
These test parameters were employed to accurately assess no-
ciceptive thresholds in both experimentally naive and drug-
treated mice (30). Inspection of both vehicle and drug-treated
mice revealed no overt tissue damage after hot-plate testing,
and these animals were behaviorally indistinguishable from
mice that had not undergone hot-plate testing.

FIG. 1. Structures of 59amino,59deoxyadenosine (NH2dADO, MW 5 439),
5-iodotubercidin (5IT, MW 5 392), and 59-deoxy,5-iodotubercidin (59d-5IT,
MW 5 376).
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The antinociceptive effects of 5

 

9

 

d-5IT and morphine were
also assessed in a model of persistent chemical pain, the phe-
nyl-

 

p

 

-quinone–induced abdominal constriction assay (6). Mice
were administered phenyl-

 

p

 

-quinone (68 

 

m

 

mol/kg, IP dis-
solved in 5% ethanol). Test compounds were administered
subcutaneously, 30 min before phenyl-

 

p

 

-quinone. The pres-
ence of characteristic stretching or writhing responses was
noted during a 10-min period beginning 5 min after the injec-
tion of phenyl-

 

p

 

-quinone. Mice displaying one or more of
these nociceptive responses were categorized as responders,
and mice who did not display these behaviors were regarded
as nonresponders (9).

AK inhibitors and morphine were routinely administered
IP 30 min prior to hot-plate testing. In the antagonist studies,
ADO receptor antagonists or naloxone were administered IP
30 min prior to the AK inhibitors or morphine, respectively.
To assess the effects of repeated administration, 5

 

9

 

d-5IT
(2.5 

 

m

 

mol/kg) or vehicle was administered IP twice daily at
12-h intervals for 4 days, and the animals were tested on the
fifth day.

The vehicle for the AK inhibitors and ADO receptor an-
tagonists was 10% DMSO/34% hydroxypropyl-

 

b

 

-cyclodex-
trin (Sigma, St. Louis, MO) in distilled water, and saline was
used as the vehicle for morphine. Experimental and control
groups contained six to eight mice each.

 

Statistics

 

Jump latency data were analyzed using one-way ANOVA
as described by Decker et al. (9). Where appropriate, Fisher’s

Protected Least-Significant Difference (FLSD) was used for
post hoc analysis. The level of significance was set at 

 

p

 

 

 

,

 

 0.05.
ED

 

50

 

 values were estimated using least-squares linear regres-
sion. The chi-square statistic was used to evaluate statistical
significance in the abdominal constriction assay (

 

p

 

 

 

,

 

 0.05).

 

RESULTS

 

The three AK inhibitors examined in the present study
(NH

 

2

 

dADO, 5IT, and 5

 

9

 

d-5IT) were found to significantly in-
crease the jump latency of mice placed on a 55

 

8

 

C hot plate in a
dose-dependent fashion (Fig. 2). 5

 

9

 

d-5IT was the most potent
AK inhibitor (ED

 

50

 

 value 

 

5

 

 1 

 

m

 

mol/kg, IP) compared to 5IT
(ED

 

50

 

 value 

 

5

 

 10 

 

m

 

mol/kg, IP), and 5

 

9

 

NH

 

2

 

dADO (ED

 

50

 

value 

 

5

 

 100 

 

m

 

mol/kg, IP). 5

 

9

 

d-5IT exhibited full efficacy in
this test at a dose of 3 

 

m

 

mol/kg, IP, whereas similar efficacy
was not observed at 3- or 33-fold higher doses of 5IT or
5

 

9

 

NH

 

2

 

dADO, respectively. For comparison, morphine was
also found to dose-dependently increase jump latency (ED

 

50

 

value 

 

5

 

 5.2 

 

m

 

mol/kg, IP) with maximal efficacy observed at a
dose of 21 

 

m

 

mol/kg, IP (Fig. 2). At their respective ED

 

50

 

 val-
ues, the mean number of jumps for mice treated with 5

 

9

 

d-5IT
(7.4 

 

6

 

 1.2; mean 

 

6

 

 SEM) or morphine (8.2 

 

6

 

 1.1) were simi-
lar. Both 5

 

9

 

d-5IT and morphine also produced dose-depen-
dent antinociceptive effects (

 

p

 

 

 

,

 

 0.05) in a model of persistent
chemical pain, the abdominal constriction assay (Fig. 3).

Additional experiments were conducted to further charac-
terize the antinociceptive effects of the most potent AK inhib-
itor, 5

 

9

 

d-5IT. The antinociceptive effects of 5

 

9

 

d-5IT in the hot-
plate test could be significantly attenuated by pretreatment

FIG. 2. Dose–response curves for the antinociceptive effects of AK inhibitors
and morphine in the hotplate test. Values represent mean (6SEM) values from
individual experiments for each dose–response determination. Jump latencies fol-
lowing vehicle administration were averaged across each experiment. 59d-5IT, F(3,
28) 5 16.23, p , 0.01; 5IT, F(3, 29) 5 10.46, p , 0.01; NH2dADO, F(3, 29) 5 17.31,
p , 0.01; and morphine, F(4, 30) 5 11.34, p , 0.01, produced dose-dependent
increases in jump latencies. AK inhibitors were administered IP 30 min before
testing. *Indicates p , 0.05 compared to vehicle-treated mice.
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FIG. 3. Dose–response curves for 59d-5IT and morphine to reduce nociception
in the abdominal constriction assay. % Responders represents the percentage of
mice displaying the prototypic abdominal constriction response relative to the
number tested. Test compounds were administered SC to individual groups of
mice (n 5 8) 30 min before phenyl-p-quinone. *Indicates p , 0.05 compared to
vehicle-treated mice.

FIG. 4. Antagonism of the antinociceptive effects of 2 mmol/kg 59d-5IT by
theophylline (56 mmol/kg) and 8-PST (200 mmol/kg), F(6, 48) 5 20.5, p , 0.01.
59d-5IT was administered IP 30 min before testing, and the respective ADO
receptor antagonists were administered IP 30 min before 59d-5IT. An additional
group of mice were injected with saline as a control for the injection procedure.
Values represent mean (6SEM). *Indicates p , 0.05 compared to vehicle-
treated mice. 1Indicates p , 0.05 compared to 59d-5IT–treated mice.
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with the nonselective ADO receptor antagonist theophylline
(56 mmol/kg, IP), but not by the peripherally acting ADO re-
ceptor antagonist 8-PST (200 mmol/kg, IP) (Fig. 4). Time
course experiments revealed that the analgesic effects of 59d-

5IT persisted for at least 60 min, with the jump latencies of
59d-5IT (1 mmol/kg, IP)-treated mice returning to control la-
tencies by 2 h (data not shown). Pretreatment of mice with the
ADO A1 selective antagonist, DPCPX (33 mmol/kg, IP) com-

FIG. 5. Antagonism of 59d-5IT (2 mmol/kg, IP)-mediated analgesia by DPCPX
(33 mmol/kg, IP) and ZM 241385 (30 mmol/kg, IP), F(5, 43) 5 14.83, p , 0.01.
ADO receptor antagonists were administered IP 30 min before 59d-5IT. Values
represent mean (6SEM). *Indicates p , 0.05 compared to vehicle-treated mice.
1Indicates p , 0.05 compared to 59d-5IT–treated mice.

FIG. 6. Antagonism of 59d-5IT (2 mmol/kg, IP) and morphine (16 mmol/kg,
IP)-mediated analgesia by theophylline (56 mmol/kg) and naloxone (14 mmol/
kg, IP), F(8, 62) 5 44.78, p , 0.01. Antagonists were administered 30 min before
59d-5IT or morphine. Values represent mean (6SEM). *Indicates p , 0.05 com-
pared to vehicle-treated mice. 1indicates p , 0.05 compared to mice treated
with 59d-5IT or morphine.
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pletely blocked the antinociceptive effects of 2 mmol/kg, IP
59d-5IT, whereas the A2A selective antagonist, ZM 241385 (30
mmol/kg, IP) only slightly attenuated 59d-5IT induced analge-
sia (Fig. 5).

The antinociceptive actions of 59d-5IT do not appear to be
mediated via an interaction with opioid receptors because
pretreatment with naloxone (14 mmol/kg, IP) significantly at-
tenuated the analgesic actions of morphine (16 mmol/kg, IP)
but not 59d-5IT (2 mmol/kg, IP) (Fig. 6). Conversely, pretreat-
ment with theophylline (56 mmol/kg, IP) significantly attenu-
ated the analgesic actions of 59d-5IT, but was ineffective
against morphine (Fig. 6). The analgesic effects of 59d-5IT and
morphine appear to be additive because the combined admin-
istration of minimally effective doses of 59d-5IT (1 mmol/kg,
IP) and morphine (5.2 mmol/kg, IP) was found to be fully effi-
cacious in the hot-plate test (Fig. 7).

Finally, no significant attenuation of the analgesic effects
of 59d-5IT were observed following the repeated administra-
tion of 2.5 mmol/kg, IP, 59d-5IT twice daily for 4 days (Fig. 8).

DISCUSSION

The present data demonstrate that, following systemic ad-
ministration, AK inhibitors can alleviate acute thermal noci-
ception as measured by the hot-plate test in mice. The anti-
nociceptive potency of 59d-5IT was significantly greater than
that observed for 5IT and NH2dADO. 59d-5IT was also found
to be more potent than, and equally efficacious to, morphine
in this test of acute nociception. 59d-5IT, like morphine, also
produced dose-dependent antinociceptive effects in the ab-
dominal constriction assay, a model of persistent chemical
pain (6). The greater relative potency of 59d-5IT as compared

to the other AK inhibitors following systemic administration
in the hot-plate test is consistent with its subnanomolar po-
tency for inhibition of AK and its apparent increased ability
to penetrate into the central nervous system (CNS) (25,26).
These data are also in agreement with previous data de-
monstrating that 59d-5IT has greater in vivo efficacy as an an-
ticonvulsant as compared to 5IT and NH2dADO in the pen-
tylenetetrazol-induced seizure model in mice (25). Although
NH2dADO has been shown to produce analgesia following
intrathecal administration (24,32), its relatively weak anti-
nociceptive effect following systemic administration may re-
flect a poor ability to penetrate into the CNS (25) or unfavor-
able pharmacokinetics.

59d-5IT–induced antinociception appears to be mediated
via an activation of ADO receptors in the CNS because the
nonselective ADO receptor antagonist, theophylline, was found
to significantly attenuate the antinociceptive effects of this
AK inhibitor, while the peripherally acting ADO receptor an-
tagonist, 8-PST was ineffective. It should be noted that 8-PST
is approximately 10-fold more potent than theophylline at
ADO A1 receptors (20), and 8-PST was used at an approxi-
mately fourfold higher dose relative to theophylline, a dosage
that has been shown to selectively block the peripheral effects
of ADO agonists (19). Because both theophylline and the
highly selective ADO A1 receptor antagonist, DPCPX, were
found to be equally effective in blocking 59d-5IT-induced an-
algesia, the antinociceptive effects of 59d-5IT appear to be
mediated via a selective interaction with the A1 receptor. This
notion is further supported by the relatively weak ability of
the highly A2A selective antagonist, ZM 241385 (34) to attenu-
ate 59d-5IT analgesia, and is consistent with other reports that
activation of spinal A1 receptors mediates the antinociceptive

FIG. 7. Additive antinociceptive effects of 59d-5IT and morphine. When
administered alone, 59d-5IT (1 mmol/kg, IP) and morphine (5.2 mmol/kg, IP)
produced mimimal antinociception, whereas the simultaneous administration of
these doses of 59d-5IT and morphine, respectively, produced maximal analgesia
in the hotplate test, F(3, 29) 5 39.08, p , 0.01. Values represent mean (6SEM).
*Indicates p , 0.05 compared to vehicle-treated mice. 1Indicates p , 0.05 com-
pared to either agonist administered alone.
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effects of ADO (18,24,32). The dose of ZM 241385 (30 mmol/
kg, IP) used in the present study has been shown to fully block
the in vivo activation of A2A receptors by endogenous ADO
in the rat (23,34).

Although the analgesic efficacy of 59d-5IT is similar to that
produced by morphine, the antinociceptive effects of the AK
inhibitor do not appear to be mediated through an interaction
with opioid receptors, because naloxone, at a dose that fully
blocked morphine analgesia, did not block the antinociceptive
effects of 59d-5IT. Similarly, the ADO receptor antagonist,
theophylline, can readily attenuate 59d-5IT induced analgesia
at a dose that has no effect on the analgesic effects of mor-
phine. These data suggest a lack of interaction between opioid
and ADO-mediated antinociception following systemic ad-
ministration. In contrast, activation of spinal opioid receptors
has been reported to stimulate ADO release from spinal cord
in vitro (35), which may contribute to spinal, but not supraspi-
nal, antinociception in vivo (24,35). Thus, the putative interac-
tion between ADO and opioid sytems may be mediated by
pharmacological actions at different physiological sites (i.e.,
supraspinal vs. spinal) or may reflect the relative contribu-
tions of opioid and ADO mechanisms in attenuating acute
thermal nociception as assayed by the hot plate compared to
other tests of acute nociception (10,12,36).

The antinociceptive effects of 59d-5IT, however, do appear
to be additive with the analgesic effects of morphine. The sys-
temic administration of a combination of minimally effective
doses of 59d-5IT and morphine produced significantly greater
analgesia than was observed by either agent administered
alone. While an isobolographic analysis of the interaction be-

tween 59d-5IT and morphine was not conducted in the present
studies, these findings are consistent with similar observations
of additive interactions between NH2dADO and the m-opioid
agonist DAMGO in increasing rat tail-flick latencies (24).
However, unlike the propensity of morphine to produce anal-
gesic tolerance (1), no significant differences in 59d-5IT anal-
gesia were observable following the repeated administration
of 59d-5IT for 4 days.

AK inhibitors have previously been shown to reduce body
temperature and motor activity (8,25), and the possibility ex-
ists that these effects could contribute to the antinociceptive
effects of 59d-5IT. However, the hot-plate test has been shown
to be insensitive to agents that lack analgesic activity but im-
pair motor behavior (31). The present data demonstrate that
59d-5IT is approximately 10- and 100-fold more potent than
5IT or NH2dADO, respectively, in the hot-plate assay. How-
ever, there is much less separation in the potency of these AK
inhibitors to reduce motor activity (59d-5IT ED50 5 1 mmol/
kg; 5IT ED50 5 2 mmol/kg; NH2dADO ED50 5 6 mmol/kg)
(25). The differential potency and efficacy of 59d-5IT com-
pared to the other AK inhibitors in the hot-plate test coupled
with the similar efficacy and potency of 59d-5IT to reduce no-
ciception in the abdominal constriction assay suggests the an-
algesic effects of this AK inhibitor can be separated from its
other effects. Further, the anticonvulsant (25), antiischemic
(21), and anesthetic enhancing effects (39) of AK inhibitors
appear to be separable from their peripheral side effects.

The results of these studies indicate that systemically ad-
ministered AK inhibitors can produce antinociceptive effects
in the mouse hot-plate test. The demonstrated potent activity

FIG. 8. Lack of tolerance of the antinociceptive effects of 59d-5IT following
the repeated administration of 59d-5IT (2.5 mmol/kg, IP) twice daily for 4 days,
F(3, 37) 5 205.15, p , 0.01. The antinociceptive effects of 59d-5IT were assessed
in individual groups of mice following a single administration of 2.5 mg/kg, IP.
59d-5IT (acute) or 12 h after the last of eight repeated administrations of 59d-
5IT. Values represent mean (6SEM). *Indicates p , 0.05 compared to vehicle-
treated mice.
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of 59d-5IT to alleviate acute thermal nociception suggests that
the localized enhancement of extracellular ADO concentra-
tions via inhibition of AK provides a novel analgesic mecha-
nism having full efficacy like that provided by opioids. The

present data also indicate that 59d-5IT may represent a more
useful ligand to investigate the behavioral pharmacology of
AK inhibitors following systemic administration as compared
to NH2dADO and 5IT.

REFERENCES

1. Ahlijanian, M. K.; Takemori, A. E.: Effects of (2)-N6-(R-
phenylisopropyl0-adenosine (PIA) on nociception and mor-
phine-induced analgesia, tolerance and dependence in mice. Eur.
J. Pharmacol. 112:171–179; 1985.

2. Bannon, A. W.; Gunther, K. L.; Decker, M. W.: Is epibatidine
really analgesic? Dissociation of the activity, temperature, and
analgesic effects of (6)-epibatidine. Pharmacol. Biochem. Behav.
51:693–698; 1995.

3. Braas, K. M.; Newby, A. C.; Wilson, V. S.; Snyder, S. H.: Adeno-
sine-containing neurons in the brain localized by immuno-
cytochemistry. J. Neurosci. 6:1952; 1986.

4. Britton, D. R.; Mikusa, J.; Lee, C. H.; Williams, M.; Kowaluk,
E. A.: Adenosine kinase inhibition enhances kainic acid-induced
increases in striatal adenosine. Soc. Neurosci. Abstr. 22:617.6;
1996.

5. Choca, J. L.; Proudfit, H. K.; Green, R. D.: Identification of A1
and A2 receptors in the rat spinal cord. J. Pharmacol. Exp. Ther.
242:905–910; 1987.

6. Collier, H. O. J.; Dinneen, L. C.; Johnson, C. A.; Schneider, C.:
The abdominal constriction response and its suppression by anal-
gesic drugs in the mouse. Br. J. Pharmacol. Chemother. 32:295–
310; 1968.

7. Davies, L. P.; Jamieson, D. D.; Baird-Lambert, J. A.; Kazlauska,
R.: Halogenated pyrrolopyrimidine analogues of adenosine from
marine organisms: Pharmacological activities and potent inhibi-
tion of adenosine kinase. Biochem. Pharmcol. 33:347–355; 1984.

8. Davies, L. P.; Baird-Lambert, J. A.; Marwood, J. F.: Studies on
several pyrrolo[2,3-d]pyrimidine analogues of adenosine which
lack significant agonist activity at A1 and A2 receptors but have
potent pharmacological activity in vivo. Biochem. Pharmcol.
35:3021–3029; 1986.

9. Decker, M. W.; Bannon, A. W.; Buckley, M. J.; Kim, D. J. B.;
Holladay, M. W.; Ryther, K. B.; Lin, N. H.; Wasicak, J. T.; Wil-
liams, M.; Arneric, S. P.: Antinociceptive effects of the novel neu-
ronal nicotinic acetylcholine receptor agonist, ABT-594, in mice.
Eur. J. Pharmacol. 346:23–33; 1998.

10. DeLander, G. E.; Mosberg, H. I.; Porreca, F.: Involvement of
adenosine in antinociception produced by spinal or supraspinal
receptor-selective opioid agonists: Dissociation from gastrointes-
tinal effects in mice. J. Pharmacol. Exp. Ther. 263:1097–1104;
1992.

11. DeLander, G. E.; Hopkins, C. J.: Involvement of A2 adenosine
receptors in spinal mechanisms of antinociception. Eur. J. Phar-
macol. 139:215–223; 1987.

12. DeLander, G. E.; Hopkins, C. J.: Spinal adenosine modulates
descending antinociceptive pathways stimulated by morphine. J.
Pharmacol. Exp. Ther. 239:88–93; 1986.

13. Dunwiddie, T. V.; Fredholm, B. B.: Adenosine neuromodulation.
In: Jacobson, K. A.; Jarvis, M. F., eds. Purinergic approaches in
experimental therapeutics. New York: Wiley-Liss, Inc.; 1997:359–
382.

14. Engler, R. L.: Consequences of activation and adenosine medi-
ated inhibition of granulocytes during myocardical ischemia. Fed.
Proc. 46:2407–2412; 1987.

15. Gieger, J. D.; Nagy, J. I.: Localization of [3H]Nitrobenzylthioi-
nosine binding sites in rat spinal cord and primary afferent neu-
rons. Brain Res. 347:321–327; 1985.

16. Golembiowska, K.; White, T. D.; Sawynok, J.: Adenosine kinase
inhibitors augument release of adenosine from spinal cord slices.
Eur. J. Pharmacol. 307:157–162; 1996.

17. Holmgren, M.; Hedner, T.; Norberg, G.; Mellstrand, T.: Antinoci-
ceptive effects in the rat of an adenosine analogue, N6-phenyliso-
propyladenosine. J. Pharm. Pharmacol. 35:679–680; 1983.

18. Holmgren, M.; Hedner, J.; Mellstrand, G.; Nordberg, G.; Hedner, T.:
Characterization of the antinociceptive effects of some adenosine
analogs in the rat. Naunyn Schmiedebergs Arch. Pharmacol.
334:290–293; 1986.

19. Jarvis, M. F.: Psychomotor aspects of adenosine receptor acti-
vation. In: Jacobson, K. A.; Jarvis, M. F., eds. Purinergic
approaches in experimental therapeutics. New York: Wiley-Liss,
Inc.; 1997:405–421.

20. Jarvis, M. F.; Schulz, R.; Hutchinson, A.; Do, U.; Sills, M.; Wil-
liams, M.: [3H]CGS 21680, a selective A2 adenosine receptor ago-
nist directly labels A2 receptors in rat brain. J. Pharmacol. Exp.
Ther. 251:888–893; 1989.

21. Jiang, N.; Kowaluk, E. A.; Lee, C. H.; Mazdiyansi, H.; Chopp, M.:
Adenosine kinase inhibition protects brain against transient focal
ischemia in rats. Eur. J. Pharmacol. 320:131–137; 1997.

22. Jurna, I.: Cyclic nucleotides and aminophylline produce different
effects on nociceptive motor and sensory responses in the rat spi-
nal cord. Nauyn Schmiedebergs Arch. Pharmacol. 327:23–30;
1984.

23. Keddie, J. R.; Poucher, S. M.; Shaw, G. R.; Brooks, R.; Copllis,
M. G.: In vivo characterization of ZM 241385, a selective ade-
nosine A2A receptor antagonist. Eur. J. Pharmacol. 301:107–113;
1996.

24. Keil, G. J.; DeLander, G. E.: Adenosine kinase and adenosine
deaminase inhibition modulate spinal adenosine-and opioid ago-
nist-induced antinociception in mice. Eur. J. Pharmacol. 271:37–
46; 1994.

25. Kowaluk, E. A.; Kohlhaas, K. L.; Daanen, J.; Lee, C. H.: Anti-
convulsant effects of adenosine kinase inhibitors. Drug Dev. Res.
37:190; 1996.

26. Kowaluk, E. A.; Bannon, A.; Gunther, K.; Kohlhaas, K.; Lynch,
J.; Jarvis, M. F.: The effects of adenosine kinase (AK) inhibitors
on acute thermal nociception. Soc. Neurosci. Abstr. 22:617.6;
1996.

27. Miller, L. P.; Jelovich, L. A.; Yao, J.; DaRe, J.; Ugarkar, B.; Fos-
ter, A. C.: Pre- and peristroke treatment with the adenosine
kinase inhibitor, 59-deoxyiodotubercidin, significantly reduces
infarct volume after temporary occlusion of the middle cerebral
artery in rats. Neurosci. Lett. 220:73–76; 1996.

28. Murray, T. F.; Zhang, G.; Franklin, P. H.: Manipulation of endog-
enous adenosine affects seizure susceptibility. Drug. Dev. Res.
28:410–415; 1993.

29. Paalzow, G.; Paalzow, L.: The effects of caffeine and theophylline
on nociceptive stimulation in the rat. Acta Pharmacol. Toxicol.
32:22–32; 1973.

30. Plone, M. A.; Emerich, D. F.; Linder, M. D.: Individual differ-
ences in the hotplate test and effects of habituation on sensitivity
to morphine. Pain 66:265–270; 1996.

31. Plummer, J. L.; Cmielewski, P. L.; Gourlay, G. K.; Owne, H.;
Cousins, M. J.: Assessment of antinociceptive drug effects in the
presence of impaired motor performance. J. Pharmacol. Methods
26:79–87; 1991.

32. Poon, A.; Sawynok, J.: Antinociception by adenosine analogs and
an adenosine kinase inhibitor: Dependence on formalin concen-
tration. Eur. J. Pharmacol. 286:177–184; 1995.

33. Post, C.: Antinociceptive effects in mice after intrathecal injec-
tion of 59N-ethylcarboxamido adenosine. Neurosci. Lett. 51:325–
330; 1984.

34. Poucher, S. M.; Keddie, J. R.; Brooks, R.; Shaw, G. R.; McKillop,
D.: Pharmacodynamics of ZM 241385, a potent A2A adenosine
receptor antagonist, after enteric administration in rat, cat and
dog. J. Pharm. Pharmacol. 48:601–606; 1996.

35. Sawynok, J.: Purines and nociception. In: Jacobson, K. A.; Jarvis,



ADENOSINE KINASE INHIBITORS AND THERMAL NOCICEPTION 91

M. F., eds. Purinergic approaches in experimental therapeutics.
New York: Wiley-Liss, Inc.; 1997:495–514.

36. Sawynok, J.; Espey, M. J.; Reid, A.: 8-Phenyltheophylline
reverses the antinociceptive action of morphine in the periaque-
ductal gray. Neuropharmacol. 30:871–877; 1991.

37. Sawynok, J.; Sweeny, M. I.; White, T. D.: Classification of adenos-
ine receptors mediating antinociception in the rat spinal cord. Br.
J. Pharmacol. 88:923–930; 1986.

38. Vapaatalo, H.; Onken, D.; Neuvonen, P. J.; Westermann, E.: Ste-
reospecificity in some central and circulatory effects of phenyliso-
propyladenosine (PIA). Arzneimittelforschung 25:407–410; 1975.

39. Wang, B.; Tang, J.; White, P. F.; Foster, A. C.; Grettengerger,
H. M.; Kopcho, J.; Wender, R. H.: The effect of GP683, an

adenosine kinase inhibitor, on the desflurane anesthetic require-
ment in dogs. Anesth. Analg. 85:675–680; 1997.

40. Williams, M.; Burnstock, G.: Purinergic neurotransmission and
neuromodulation: A historical perspective. In: Jacobson, K. A.;
Jarvis, M. F., eds. Purinergic approaches in experimental thera-
peutics. New York: Wiley-Liss, Inc.; 1997:3–26.

41. Yarbrough, G. C.; McGuffin-Clineschmidt, J. C.: In vivo behav-
ioral assessment of central nervous system purinergic receptors.
Eur. J. Pharmacol. 76:137–144; 1981.

42. Zhang, G.; Franklin, P. H.; Murray, T. F.: Manipulation of endog-
enous adenosine in the rat prepiriform cortex modulates seizure
susceptibility. J. Pharmacol. Exp. Ther. 264:1415–1424; 1993.


