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Effects of A-317491, a novel and selective P2X;/P2X, ; receptor
antagonist, on neuropathic, inflammatory and chemogenic
nociception following intrathecal and intraplantar administration
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1 We have recently reported that systemic delivery of A-317491, the first non-nucleotide antagonist
that has high affinity and selectivity for blocking P2X; homomeric and P2X, ; heteromeric channels, is
antinociceptive in rat models of chronic inflammatory and neuropathic pain. In an effort to further
evaluate the role of P2X;/P2X,; receptors in nociceptive transmission, A-317491 was administered
either intrathecally or into the hindpaw of a rat in several models of acute and chronic nociception.
2 Intraplantar (EDs, =300 nmol) and intrathecal (EDs,= 30 nmol) injections of A-317491 produced
dose-related antinociception in the CFA model of chronic thermal hyperalgesia. Administration of A-
317491 by either route was much less effective to reduce thermal hyperalgesia in the carrageenan
model of acute inflammatory hyperalgesia.

3 Intrathecal, but not intraplantar, delivery of A-317491 attenuated mechanical allodynia in both the
chronic constriction injury and L5-L6 nerve ligation models of neuropathy (EDs,= 10 nmol for both
models). Intrathecal injections of A-317491 did not impede locomotor performance.

4 Both routes of injection were effective in reducing the number of nocifensive events trig-
gered by the injection of formalin into a hindpaw. Nocifensive behaviors were significantly reduced
in both the first and second phases of the formalin assay (intrathecal EDs,= 10 nmol, intraplantar
EDs,> 300 nmol). Nocifensive behaviors induced by the P2X receptor agonist o,f-meATP were also
significantly reduced by intraplantar injection of A-317491.

5 These data indicate that both spinal and peripheral P2X;/P2X,; receptors have significant
contributions to nociception in several animal models of nerve or tissue injury. Intrathecal
administration of A-317491 appears to be more effective than intraplantar administration to reduce
tactile allodynia following peripheral nerve injury.
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Introduction

Adenosine 5-triphosphate (ATP), an endogenous fast neuro-
transmitter, is thought to be a key mediator of nociception
(Burnstock, 1996; Burnstock & Wood, 1996; Cook &
McCleskey, 2002). ATP depolarizes primary sensory neurons
(Cook et al., 1997; Grubb & Evans, 1999) as well as neurons in
the dorsal horn of the spinal cord (Jahr & Jessell, 1985; Li &
Perl, 1995). ATP triggers neuronal excitation through several
different subtypes of P2 purinoceptors. ATP is a nonselective
agonist with varied potencies for each of the seven ionotropic
P2X and eight metabotropic P2Y purinoceptor subtypes
currently identified (Ralevic & Burnstock, 1998; Bianchi
et al., 1999; Jacobson et al., 2002; Abbracchio et al., 2003).
Receptor localization and behavioral studies suggest that more
than one of these receptor subtypes is involved in the
transmission of peripheral and/or spinal nociceptive signals
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(Collo et al., 1996; Vulchanova et al., 1996; 1997; Cockayne
et al., 2000; Souslova et al., 2000; Okada et al., 2002; Yoshida
et al., 2002; Tsuda et al., 2003; Wismer et al., 2003).
Site-specific injections of nonselective P2 receptor agonists
and antagonists have been shown to modulate nociceptive
behaviors in rodents. Intraplantar administration of various
P2 receptor agonists results in short-lasting licking, biting and
lifting of the injured paw (Jarvis et al., 2001; Wismer et al.,
2003), and can lead to mechanical allodynia (Tsuda et al.,
2000). Peripheral injections of P2 receptor agonists can also
enhance nociception in animal models of chemical (formalin)
and inflammatory (carrageenan) pain (Sawynok & Reid, 1997;
Hamilton et al., 2001). Intrathecal delivery of P2 receptor
agonists increases sensitivity to mechanical stimulation in
naive animals and induces thermal hyperalgesia (Tsuda et al.,
1999a; Okada et al., 2002). Furthermore, intrathecal applica-
tion of nonselective P2 receptor antagonists decreases the
number of nociceptive events following intraplantar formalin,
capsaicin, or bee venom (Driessen et al., 1994; Tsuda et al.,
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Figure 1 Structure of A-317491.

1999b; Zheng & Chen, 2000). Electrophysiologically, spinal
infusion of P2 receptor antagonists inhibits C-fiber-evoked
responses in carrageenan-inflamed animals (Stanfa et al.,
2000).

Determination of specific P2 receptor activation in different
pain states has been hampered by the lack of useful receptor
ligands for in vivo studies. Existing P2 receptor agonists
nonselectively activate a variety of P2 receptor subtypes, and
are metabolically labile (Jacobson et al., 2002). We have
recently reported that systemic administration of A-317491
(Figure 1), the first non-nucleotide antagonist that has high
affinity and selectivity for blocking P2X; homomeric and
P2X,/; heteromeric channels, is antinociceptive in rat models
of chronic inflammatory and neuropathic pain (Jarvis et al.,
2002). Several lines of evidence suggest that P2X; receptors
have a substantial contribution to ATP-related nociception.
These receptors are highly expressed in dorsal root ganglion
neurons, particularly in small-diameter sensory neurons (Chen
et al., 1995). Neuronal expression of the P2X; receptor is
elevated in both the dorsal root ganglion and the ipsilateral
spinal cord following chronic constriction injury (CCI) of the
sciatic nerve (Novakovic et al., 1999). Furthermore, P2Xj;
(—/—) gene-ablated mice show a significant attenuation in
spontaneous pain behaviors following administration of ATP
or formalin (Cockayne et al., 2000; Souslova et al., 2000), and
animals treated with P2X; antisense oligonucleotides exhibit
reduced thermal hyperalgesia and mechanical allodynia
(Barclay et al., 2002; Honore et al., 2002).

In an effort to further evaluate the role of P2X;/P2X,;
receptors in nociceptive transmission, the novel and selective
antagonist A-317491 was administered either intrathecally or
into the hindpaw of a rat in a variety of acute and chronic
models of nociception.

Methods
Animal preparation

Male Sprague—Dawley rats (Charles River, MA, U.S.A., 260—
350 g) were housed in a temperature-controlled room with a
12/12-h day/night cycle. Food and water were available ad
libitum. Animals with implanted intrathecal catheters were
housed one per cage following surgery. All animal-handling
and experimental protocols were approved by Abbott’s
Institutional Animal Care and Use Committee (IACUC),

and were conducted in accordance with the ethical principles
for pain-related animal research of the American Pain Society.

Implantation of intrathecal catheters For spinal drug adminis-
tration, animals were implanted with chronic indwelling
catheters. Under halothane inhalation anesthesia, PE-5 cathe-
ters (external PE-10, Marsil Enterprises, CA, U.S.A.) were
inserted through the cisternal membrane at the base of the
skull down to the lumbar enlargement (8.5cm). Rats were not
tested for at least 7 days after surgery. Animals demonstrating
motor dysfunction or dehydration immediately following
surgery or at any point thereafter were euthanized.

Drug-administration procedures

A-317491 (a P2X;/P2X,; receptor antagonist synthesized at
Abbott Laboratories, IL, U.S.A.) was dissolved in dimethyl-
sulfoxide (10%), 2-hydroxypropyl-f-cyclodextrin (34%) and
saline at physiological pH for intraplantar and intrathecal
delivery. The drug administration procedures described below
were followed for all behavioral paradigms. Each experimental
group consisted of at least five animals.

A-317491 (1-500 nmol) or vehicle was injected directly into
the lumbar spinal cord via indwelling intrathecal catheters or
into the intraplantar region of a hindpaw. The hindpaw
ipsilateral to the site of nerve or tissue injury was used for
intraplantar injections. In a separate group of animals, the
contralateral uninjured hindpaw was injected with A-317491
to explore the possible systemic actions of the drug following
the intraplantar route of administration. Intrathecal and
intraplantar deliveries of A-317491 were completed 5 and
30 min, respectively, prior to behavioral testing. Intrathecal
infusions were conducted over a 2-min period. The volume of
intrathecal injection was 10 ul, followed by a 10 ul sterile water
flush. For intraplantar administration, A-317491 was injected
in a volume of 100 ul.

Behavioral models and data analysis

Thermal nociception in naive and hyperalgesic rats Thermal
nociceptive thresholds were measured in three different groups
of rats. Chronic inflammatory hyperalgesia was induced in one
group of rats following the injection of complete Freund’s
adjuvant (CFA, 50%, 150 ul) into the plantar surface of the
right hindpaw 48 h prior to testing. A second group of rats was
injected with 1 mg of carrageenan (in 100 ul saline) into the
right hindpaw 2 h before testing to induce acute inflammatory
hyperalgesia. The final group of rats was uninjured prior to
testing. All animals were placed in Plexiglas chambers
(18 x29 x 12.5cm®) resting on a temperature-regulated
(30°C) glass surface 30 min before thermal testing. Animals
were removed from these chambers for drug or vehicle
administration, as described below, and were then returned
to their respective chambers. Thermal nociceptive thresholds
were determined according to the method described by
Hargreaves et al. (1988). Briefly, through the glass surface, a
radiant heat source (8 V, 50 W projector bulb) was focused
onto the plantar surface of the hindpaw. The rat’s paw-
withdrawal latency to this stimulus was recorded to the nearest
0.1s. Each animal’s latency score was an average of two trials,
which were separated by at least Smin. In hyperalgesic rats,
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both the injured and uninjured hindpaws were similarly tested,
allowing direct comparisons between inflamed and nonin-
flamed paws for each animal. Withdrawal latencies after
injection of vehicle into a hindpaw did not differ from latencies
observed in uninjected animals (unpublished observations).
The mean withdrawal latencies were compared within
groups (inflamed vs noninflamed paws) and between drug-
and vehicle-injected groups. ‘Reversal in hyperalgesia’ scores
for each animal were calculated by the following formula:

(latency inflamed pawy,,,—
mean latency inflamed paw,qp;qc )

- %100
(mean latency non — inflamed paw,qpicje —

mean latency inflamed paw,qp;c. )

In cases of negative values, the scores were designated as 0 (no
reversal in hyperalgesia).

Neuropathic allodynia Under halothane inhalation anesthesia,
rats received either a unilateral tight ligation of the L5 and L6
spinal nerves (Kim & Chung, 1992) or a chronic constriction
injury to the left sciatic nerve (Bennett & Xie, 1988).
Antiallodynic effects of A-317491 were evaluated at least 1
week after surgery. Tactile allodynia was determined by
measuring paw withdrawal in response to stimulation, with a
series of von Frey filaments (Stoelting, Wood Dale, IL,
U.S.A.), using the up—down method described by Dixon
(1980). Briefly, rats were placed on an elevated mesh bottom
floor with a 1.27 x 1.27cm? grid to provide access to the
ventral side of the hindpaws. An inverted, clear plastic cage
(29 x 18 x 12cm®) was placed over each rat. The von Frey
filament was presented perpendicular to the plantar surface of
the left hindpaw, and held in this position for approximately
8's, with enough force to cause a slight buckle in the filament.
Positive responses included sharp withdrawal or flinching
behavior during stimulation. Each rat was tested in three
sequential trials. Only those rats with a mean baseline
threshold score of less than 4.5 g were used in this study.

Formalin- and o,-meATP-induced nociception Experimentally
naive animals were placed in individual mirrored (45°)
Plexiglas cages (26 x 22 x 16 cm?®) and allowed to acclimate to
the testing environment for 15min. Formalin (5% in 50 ul) or
the P2X receptor agonist o,-meATP (1000 nmol in 50 ul) was
then injected into the dorsal surface of the right hind paw using
a 29.5-gauge needle. The number of nocifensive events (paw
flinching, licking, guarding) for each animal was recorded
during 1-min periods, with each period being separated by
Smin. The number of nociceptive events for the formalin and
o,f-meATP tests were counted for periods of 50 and 15 min,
respectively.

Locomotor activity Following intrathecal drug or vehicle
administration, rats were placed in an open testing chamber
(42 x 42 x 30 cm®) for 30 min. The chambers were located in a
ventilated room with noise attenuation. During the 30-min
testing period, the animal’s horizontal movements were
recorded with a Digiscan Animal Activity Monitor (16 beam
— 1” resolution, AccuScan Instruments, OH, U.S.A.). Loco-
motor activity was defined as the total number of horizontal
beam interruptions over 30 min.

Statistics  Statistical significance on group means was
measured by an ANOVA, followed by a Fisher’s PLSD post
hoc analysis (P<0.05). EDs, values for all experiments were
estimated using linear regression. Data are presented as
mean + s.e.m.

Results
Thermal nociception in naive and hyperalgesic rats

CFA-induced thermal hyperalgesia Significant CFA-induced
hyperalgesia (P<0.01) was observed on the injured hindpaw.
The withdrawal latencies were 4.73+0.38 and 12.16+0.62 s for
inflamed and noninflamed paws, respectively, in animals that
received vehicle by intrathecal administration. Indwelling
intrathecal catheters and subsequent intrathecal administra-
tion of vehicle did not interfere with hindlimb withdrawal from
noxious heat. Latencies after intraplantar injection of vehicle
were 4.59+0.45s (inflamed paw) and 10.734+0.81s (non-
inflamed paw). Intrathecal administration of 30 and 100 nmol
of A-317491 (Figure 2a) caused significant antihyperalgesia
(P<0.01) in the inflamed paws without altering the with-
drawal latencies of the noninflamed hindpaws. Significant
antihyperalgesia (P<0.05) was also observed following in-
traplantar delivery of A-317491, but only at the 300 nmol dose
(Figure 2b). Injection of A-317491 into the contralateral
uninjured hindpaw did not significantly affect withdrawal
latencies.

Carrageenan-induced thermal hyperalgesia Significant hyper-
algesia (P<0.01) was also observed in animals injected with
carrageenan 2h prior to testing. Withdrawal latencies were
2.8340.32 and 10.34+0.44s for inflamed and noninflamed
paws, respectively, in animals that received vehicle by the
intrathecal route. Latencies after intraplantar administration
of vehicle were 3.52+0.49 s (inflamed paw) and 10.29+0.86s
(noninflamed paw). Significant, but weak, antihyperalgesia
was observed after intrathecal infusion of 30 and 100 nmol of
A-317491 to the carrageenan-treated animals (Figure 2a).
Intraplantar administration of A-317491 did not have a
significant effect in this model (Figure 2b).

Acute thermal nociception Intrathecal administration of
A-317491 (up to a dose of 500nmol) did not alter the
hindpaw-withdrawal latencies to noxious heat in uninjured
animals. The withdrawal latency in vehicle-treated animals was
11.64+0.18 s, whereas in A-317491-treated animals (500 nmol)
the latency was 12.24+0.94s.

Neuropathic allodynia

CCI and L5-L6 nerve ligation models of neuropathic allodynia
In both models of neuropathic allodynia, vehicle-treated
(intrathecal or intraplantar) animals exhibited paw withdrawal
to von Frey hair stimulation of less than 4g (Figure 3).
Intrathecal delivery of A-317491 (10 and 30 nmol) resulted in
withdrawal responses to von Frey hair stimulation that were
significantly (P<0.01) higher, compared to vehicle-treated
animals, in both models of neuropathic pain (Figure 3a). In
the L5—L6 nerve ligation model, the antiallodynic actions of
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Figure 2 Effects of (a) intrathecal and (b) intraplantar administra-
tion of A-317491 on thermal hyperalgesia induced by pretreatment
with either CFA (48h) or carrageenan (2h). A-317491 was most
effective following intrathecal administration in the CFA model of
chronic inflammatory hyperalgesia. Mean ‘antihyperalgesic’ scores
following stimulation of inflamed paws are shown; a score of 100%
indicates that there was a complete compound-related reversal of
hyperalgesia. Withdrawal latencies after stimulation of noninflamed
hindpaws did not differ between animals injected with either
A-317491 (not shown) or vehicle (points shown at 100%) to the
inflamed hindpaw. *(CFA) P<0.05; **(CFA), **(carrageenan)
P <0.01 vs vehicle control group, values are +s.e.m.

A-317491, at all doses, lasted for at least 2 h after the injection
(data not shown). Mechanical allodynia was not significantly
attenuated by intraplantar administration of A-317491 in
either model of neuropathic pain (Figure 3b).

Formalin- and o,3-me AT P-induced nociception

Formalin-induced nocifensive behaviors Injection of a 5%
solution of formalin into a hindpaw caused licking, biting
and lifting of the injured paw. Typical formalin-induced
biphasic response patterns were observed in all animals.
Intrathecal administration of A-317491 significantly reduced
the number of nociceptive events evoked by formalin in both
the first ‘acute’ and second ‘tonic’ phases of this assay
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Figure 3 Effects of (a) intrathecal and (b) intraplantar injection of
A-317491 on mechanical allodynia in the CCI and L5-L6 nerve
ligation models of neuropathic pain. A-317491 reduced allodynia in
both models of neuropathy following intrathecal, but not intra-
plantar delivery. **(L5-L6) P<0.01; ©*(CCI) P<0.01 vs vehicle
control group, values are +s.e.m. (n=5-6 per group).

compared to vehicle-treated animals (Figure 4a). At the
highest dose tested (30nmol), the decrease in nocifensive
behaviors was more pronounced in the second phase (64%
decrease from vehicle) compared to the first phase (41%
decrease from vehicle).

Nocifensive behaviors in both phases of the formalin assay
were also significantly reduced by intraplantar administration
of 100 and 300 nmol of A-317491 (Figure 4b). A comparable
effect was observed in the first (40% reduction from vehicle)
and second (37% reduction from vehicle) phases after this
route of administration. However, the number of nociceptive
events in the second phase of the formalin assay was also
somewhat reduced (17% from vehicle) following injection of
300nmol of A-317491 into the contralateral, uninjured,
hindpaw.

o, p-meATP-induced nocifensive  behaviors Injection of
1000nmol of the nonselective P2X receptor agonist o,f-
meATP into a hindpaw also induced nocifensive behaviors
such as licking, biting and lifting of the injured paw. The
duration of these effects was short-lived, with the majority of
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Figure 4 Effects of (a) intrathecal and (b) intraplantar administra-
tion of A-317491 on formalin-induced nocifensive behaviors.
Following intradermal injections of formalin (5%) into the dorsal
surface of the right hindpaw, the total number of nocifensive events
(paw flinching, licking, guarding) was counted during the first (1—
15min) and second (30—50min) phases of this model. Intrathecal
and intraplantar injections of A-317491 were effective, in both
phases, to reduce the number of formalin-induced nociceptive
behaviors. *P<0.05, **P<0.01 vs vehicle control group, values are
+s.e.m. (n=>5-6 per group).

the nocifensive behaviors occurring within the first 5min.
Intraplantar injection of A-317491 (300 nmol) into the injured
hindpaw significantly reduced the number of nociceptive
events triggered by o,f-meATP (Figure 5). Intraplantar
injection of A-317491 into the contralateral uninjured hindpaw
was without effect on a,f-meATP-evoked nocifensive
behaviors.

Locomotor activity

Intrathecal administration of A-317491 did not have a
significant effect on animal locomotor activity (Figure 6).
Table 1 summarizes the EDs, values for A-317491, following
systemic (Jarvis et al., 2002), intrathecal and intraplantar
routes of administration in each of the animal models tested.
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Figure 5 Intraplantar administration of 300nmol of A-317491
reduced the number of nocifensive events produced by injection of
the nonselective P2X agonist «,f-meATP (1000 nmol) into the same
hindpaw. Injection of A-317491 into the contralateral hindpaw did
not affect o,f-meATP-induced nociception. **P<0.01 vs vehicle
control group, **P<0.01 vs contralateral hindpaw, values are
+s.e.m. (n=6 per group).
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Figure 6 Intrathecal delivery of A-317491 did not affect locomotor

Discussion

Systemic delivery of A-317491, the first non-nucleotide, potent
and selective, antagonist of the P2X;/P2X, ;5 receptor has been
shown to reduce both hyperalgesia and allodynia in animal
models of chronic pain (Jarvis et al., 2002). The antinociceptive
effectiveness of A-317491 in these and other pain models was
replicated in the current study following localized injections.
Spinal and intraplantar administration of A-317491 increased
thermal thresholds in CFA-induced hyperalgesic rats and
decreased spontaneous nocifensive behaviors induced by
formalin. Intrathecal delivery of A-317491 also diminished
tactile allodynia in two animal models of neuropathy. The
spinal actions of A-317491 were not due to hypomobility, as
intrathecal injections of A-317491 did not alter locomotor
activity. Furthermore, as observed following systemic admin-
istration (Jarvis et al., 2002), the localized injections of
A-317491 were also relatively ineffective in the carrageenan
model of acute thermal hyperalgesia. Thus, the current data
are consistent with the hypothesis that P2X;/P2X,; receptors
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Table 1 Summary of the intrathecal, intraplantar, and systemic effects of A-317491 in various models of nociception

Intrathecal

EDs, % Effect

(nmol) (30 nmol)
Thermal nociception
CFA inflammation 30 47%*
CARR inflammation 100 21%*
Naive > 500 0%
Chemical nociception
Formalin first phase >30 41%*
Formalin second phase 10 64%%*
o, f-meATP — —
Neuropathic nociception
L5-L6 ligation 10 73%%*
CCI 10 77%*
Locomotor 300 0%

“Jarvis et al. (2002); *P<0.05; — not tested.

contribute to several forms of ‘altered’ nociception that are
triggered by neuropathy or inflammation.

Spinal, but not peripheral, injection of A-317491 was very
effective in reducing tactile allodynia caused by injuries to
peripheral nerves. A-317491 was equally effective in the CCI
and L5-L6 ligation models of neuropathic pain. This suggests
that the antiallodynic action of systemically delivered
A-317491 in both of these models depends on the compound
entering the central nervous system. The site of this action is
likely on the primary afferent terminals located in the
superficial laminae of the dorsal horn (Cook et al., 1997;
Vulchanova et al, 1997). Immunolabeling of the P2X;
receptor has been observed in the upper laminae of naive
animals, and is increased following CCI procedures (Nova-
kovic et al., 1999). Despite a decrease in P2X; immunor-
eactivity in the dorsal root ganglion of animals with L5-L6
ligations (Kage et al., 2002), the spinal effects of A-317491 in
this model may be mediated via the spared dorsal horn
terminals of L4 afferents, and/or by the terminals of IB4
negative large-diameter L5—L6 neurons (Kage et al., 2002).

The antihyperalgesic activity resulting from systemic admin-
istration of A-317491 in CFA-inflamed animals (Jarvis et al.,
2002) was most likely due to interactions with both spinal and
peripheral mechanisms, since both intrathecal and intraplantar
injections of A-317491 were effective in this model of chronic
hyperalgesia. However, the contributions from peripheral sites
(EDsy=300nmol) may be relatively small compared to the
contributions from spinal sites (EDs,= 30 nmol). The actions
of A-317491 against thermal nociception were limited to
animals with CFA-induced chronic hyperalgesia. Spinal
administration of A-317491 was ineffective against noxious
thermal stimulation in naive animals. Furthermore, intrathe-
cally injected A-317491 produced only a small reduction in
nociceptive thresholds in carrageenan-hyperalgesic animals,
and these effects were modest compared to those observed in
CFA-inflamed rats. Similarly, animals treated with P2Xj;
antisense oligonucleotides have reduced thermal thresholds in
chronic (CFA) but not acute (carrageenan) models of
hyperalgesia (Honore et al., 2002). Taken together, these
findings suggest that there are fundamental differences in the
contributions of P2X;/P2X,; receptors to the mediation of

Intraplantar Systemic (s.c.)”
EDs, % Effect EDs, % Effect

(nmol) (300 nmol) (umolkg™") (100 pmol kg™")

300 56%* 30 74%*
> 300 0% 100 15%

— — 100 0%
> 300 40%* — —
>300 37%* 50 60%*
> 300 38%%* — —
>300 0% 100 50%*
>300 0% 15 100%*

— >300 0%

thermal nociception in models of acute or chronic pain. To
date, there are no reports of changes to the expression levels of
P2X;/P2X, 5 receptors following carrageenan-induced inflam-
mation. In contrast, higher levels of P2X; receptors have been
found in the dorsal root ganglion following CFA-induced
inflammation (Xu & Huang, 2002). Thus, P2X;/P2X,;
receptors may have a greater contribution to thermal nocicep-
tion under conditions of chronic hyperalgesia. Although
intrathecal administration of nonselective P2X receptor
agonists has been shown to reduce C-fiber-evoked firing in
dorsal horn neurons of carrageenan-inflamed animals (Stanfa
et al., 2000), these effects were likely mediated through P2X
receptors other than P2X;/P2X,; (Wismer et al., 2003).
Local injections of A-317491 were also antinociceptive in
two models of chemogenic pain. The number of nocifensive
behaviors induced by injections of a P2X receptor agonist, o,f-
meATP, into a hindpaw was attenuated by the intraplantar
administration of A-317491. Meanwhile, both intrathecal and
intraplantar administration of A-317491 were effective against
formalin-induced behaviors. Attenuation of similar behaviors
has also been found in P2X;-deficient animals (Cockayne et al.,
2000; Souslova et al., 2000). Taken together, these results
demonstrate that both spinal and peripheral P2X; receptors
contribute to the transmission of nociception following a
chemogenic injury. Furthermore, local injections of A-317491
reduced nocifensive behaviors over the entire time course of
the formalin assay, indicating that P2X;/P2X, ; receptors have
a role in mediating both the acute (first) and tonic (second)
phases of this model. A-317491 was most effective in reducing
formalin-induced nociception following intrathecal delivery,
particularly against the nociceptive behaviors observed in the tonic
phase of this assay. Thus, P2X;/P2X,; receptors may be involved
in the purported central sensitization that contributes to the tonic
phase of the formalin model (Dickenson & Sullivan, 1987).
A-317491 represents an important pharmacological advance
to help determine the functional role(s) of the P2X;/P2X,;
receptor. The previously available tools include several
nonspecific receptor antagonists such as suramin, pyridoxal-
phosphate-6-azophenyl-2',4'-disulphonic acid (PPADS) and
2/,3/-0-2,4,6-trinitrophenyl-ATP (TNP-ATP). Spinal and per-
ipheral contributions of P2X receptors have been previously
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described for models of neuropathic (Fukuhara et al., 2000;
Liu & Tracey, 2000; Stanfa et al., 2000; Tsuda et al., 2000),
inflammatory (Tsuda et al., 1999b; Stanfa et al., 2000) and
chemogenic (Driessen et al., 1994; Tsuda et al., 1999a; Zheng
& Chen, 2000; Jarvis et al., 2001) nociception. Nonetheless, the
contribution of specific subtype(s) of P2X receptors to
peripheral and spinal transmission of the nociceptive signal
could not be determined in these previous studies. The present
data with A-317491 show clear roles for both spinal and
peripheral P2X;/P2X,,; receptors in mediating nociception.
Furthermore, since spinal administration of A-317491 was
more efficacious and affected a broader spectrum of pain
models than intraplantar injections, the therapeutic effective-
ness of a P2X;/P2X, 5 receptor antagonist may be optimized
with penetration into the central nervous system.

However, the effectiveness of A-317491 across several
models of pathological nociception does not imply that the
compound acted on the same pathways or modulated the same
downstream neurochemistry in each of the models. Indeed, it
has been suggested that mechanical allodynia is mediated by
P2X,/; receptors on capsaicin-insensitive neurons with slow-
desensitizing ATP currents, while thermal and spontaneous
nocifensive behaviors are mediated by P2X; receptors on
capsaicin-sensitive neurons with fast-desensitizing ATP re-
sponses (Tsuda et al., 2000). Currently, there is only limited
information regarding the endogenous substances that may be
released into the spinal cord following P2X;/P2X,; receptor
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