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1 P2X3/P2X2/3 receptors have emerged as important components of nociception. However, there is
limited information regarding the neurochemical systems that are affected by antagonism of the P2X3/
P2X2/3 receptor and that ultimately contribute to the ensuing antinociception. In order to determine
if the endogenous opioid system is involved in this antinociception, naloxone was administered just
prior to the injection of a selective P2X3/P2X2/3 receptor antagonist, A-317491, in rat models of
neuropathic, chemogenic, and inflammatory pain.

2 Naloxone (1–10mgkg�1, i.p.), dose-dependently reduced the antinociceptive effects of A-317491
(1–300 mmol kg�1, s.c.) in the CFA model of thermal hyperalgesia and the formalin model of
chemogenic pain (2nd phase), but not in the L5–L6 spinal nerve ligation model of neuropathic
allodynia. In comparison experiments, the same doses of naloxone blocked or attenuated the actions
of morphine (2 or 8mgkg�1, s.c.) in each of these behavioral models.

3 Injection of a peripheral opioid antagonist, naloxone methiodide (10mgkg�1, i.p.), did not affect
A-317491-induced antinociception in the CFA and formalin assays, suggesting that the opioid
component of this antinociception occurred within the CNS. Furthermore, this utilization of the
central opioid system could be initiated by antagonism of spinal P2X3/P2X2/3 receptors since the
antinociceptive actions of intrathecally delivered A-317491 (30 nmol) in the formalin model were
reduced by both intrathecally (10–50 nmol) and systemically (10mg kg�1, i.p.) administered naloxone.

4 This utilization of the opioid system was not specific to A-317491 since suramin-, a nonselective
P2X receptor antagonist, induced antinociception was also attenuated by naloxone.

5 In in vitro studies, A-317491 (3–100mM) did not produce any agonist response at d opioid receptors
expressed in NG108-15 cells. A-317491 had been previously shown to be inactive at the k and m opioid
receptors. Furthermore, naloxone, at concentrations up to 1mM, did not compete for [3H] A-317491
binding in 1321N1 cells expressing human P2X3 receptors.

6 Taken together, these results indicate that antagonism of spinal P2X3/P2X2/3 receptors results in
an indirect activation of the opioid system to alleviate inflammatory hyperalgesia and chemogenic
nociception.
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Introduction

Adenosine 50-triphosphate (ATP) is recognized as an impor-

tant neurotransmitter in nociceptive transmission (Burnstock,

1996; Burnstock & Wood, 1996; Cook & McCleskey, 2002).

ATP is a nonselective agonist for each of the seven ionotropic

P2X purinoceptor subtypes currently identified (Ralevic &

Burnstock, 1998; Bianchi et al., 1999; Jacobson et al., 2002).

Additionally, several receptor subtypes in the metabotropic

P2Y receptor family also respond to ATP (Abbracchio et al.,

2003). While more than one of these P2 receptor subtypes are

likely involved in the transmission or modulation of nocicep-

tive signals (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),

the evidence supporting a role for P2X3/P2X2/3 receptors in

nociception is perhaps the most compelling (North, 2004).

P2X3/P2X2/3 receptors are highly expressed in small

diameter dorsal root ganglion neurons that relay nociceptive

signals from the periphery to the spinal cord (Chen et al.,

1995). Following an injury to the sciatic nerve, neuronal

expression of the P2X3 receptor is elevated in both the dorsal

root ganglion and the ipsilateral spinal cord (Novakovic et al.,

1999). Behaviorally, P2X3 (�/�) gene-ablated mice show a

significant attenuation in spontaneous pain behaviors follow-

ing administration of ATP or formalin (Cockayne et al., 2000;
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Souslova et al., 2000), and animals treated with P2X3 anti-

sense oligonucleotides exhibit reduced thermal hyperalgesia

and mechanical allodynia (Barclay et al., 2002; Honore et al.,

2002). Furthermore, it has been recently reported that systemic

and site-specific administration of A-317491, the first non-

nucleotide antagonist that has high affinity and selectivity for

blocking P2X3 homomeric and P2X2/3 heteromeric channels,

is antinociceptive in rat models of chronic inflammatory and

neuropathic pain (Jarvis et al., 2002; McGaraughty et al.,

2003; Wu et al., 2004).

Antinociception induced by administration of a P2X3/P2X2/3

receptor antagonist likely does not utilize a single pathway to

affect the various forms of pathological nociception. Indeed, it

has been demonstrated that A-317491 acts through a different

combination of sites to reduce either neuropathic or inflam-

matory pain (McGaraughty et al., 2003). Furthermore, it has

been suggested that ATP-induced mechanical allodynia is

mediated by P2X2/3 receptors on capsaicin-insensitive neurons

with slow-desensitizing ATP currents while thermal and

nocifensive behaviors are mediated by P2X3 receptors on

capsaicin-sensitive neurons with fast-desensitizing ATP

responses (Tsuda et al., 2000). The utilization of different

pathways to affect the various forms of pathological pain

likely results in pathway-specific interactions with endogenous

neuropharmacological systems. While it is known that both

peripheral and spinal application of ATP can trigger the

release of glutamate into the spinal dorsal horn (Gu &

MacDermott, 1997; Tsuda et al., 1999; Wismer et al., 2003),

there is very limited information regarding the neurochemical

systems that are affected by antagonism of the P2X3/P2X2/3

receptor and that ultimately contribute to the ensuing

antinociception. Endogenous systems other than glutamate,

such as substance P, nitric oxide, GABA, and opioids may also

be involved in this P2X3/P2X2/3-related antinociception

(Bland-Ward & Humphrey, 1997; Fukuhara et al., 2000;

Hugel & Schlichter, 2000; Ueda et al., 2000; Nakatsuka et al.,

2001). Thus, even though a clear role for P2X3/P2X2/3

receptors has been demonstrated in many models of patholo-

gical nociception, the downstream mechanisms that are

recruited following administration of a selective P2X3/P2X2/3

antagonist are not well understood.

In an effort to further delineate the endogenous antinoci-

ceptive mechanisms that are activated following an antag-

onistic block of P2X3/P2X2/3 receptors, the opioid antagonist

naloxone was administered prior to A-317491 in animal

models of neuropathic, chemogenic, and inflammatory pain.

Although A-317491 does not have any significant direct

activity at the various opioid receptors (Jarvis et al., 2002), it

has been demonstrated that the antinociceptive actions of

some nonopioid analgesics can be at least partially mediated

by an indirect utilization of the endogenous opioid system

(Gouarderes et al., 1996; Schreiber et al., 2000; Tejwani &

Rattan, 2000; Vanegas & Tortorici, 2002).

Methods

Animal preparation

All animal handling and experimental protocols were

approved by Abbott’s Institutional Animal Care and Use

Committee (IACUC). Male Sprague–Dawley rats (260–350 g;

Charles River, MA, U.S.A.) were used for all experiments and

were housed in a temperature-controlled room with a 12/12-h

day/night cycle. Food and water were available ad libitum.

Implantation of intrathecal catheters In some cases,

animals were implanted with chronic indwelling catheters to

permit the direct delivery of study compounds onto the spinal

cord. Under halothane inhalation anesthesia, PE-5 catheters

(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 (8.5 cm). Rats were not tested for at

least 7 days after surgery. Animals demonstrating motor

dysfunction or dehydration at any point following surgery

were immediately euthanized.

Behavioral models of pathological nociception

Complete Freund’s adjuvant-induced chronic thermal
hyperalgesia Chronic inflammatory hyperalgesia was

induced by the injection of complete Freund’s adjuvant

(CFA, 50%, 150ml) into the plantar surface of the rat’s

right hindpaw 48 h prior to testing. On the day of testing,

animals were acclimatized for 30min to Plexiglas holding

chambers (18� 29� 12.5 cm3) that rested on a temperature-

regulated (301C) glass surface. Thermal nociceptive thresholds

were determined according to the method described by

Hargreaves et al. (1988). Briefly, a radiant heat source (8V,

50W projector bulb) was focused through the glass surface

onto the plantar surface of the hindpaw. Upon paw with-

drawal, the heat stimulus was automatically deactivated and

the rat’s latency to withdraw was recorded to the nearest 0.1 s.

Each animal’s latency score was an average of two trials, which

were separated by at least 5min. Both the injured and

uninjured hindpaws were similarly tested. Withdrawal laten-

cies after injection of vehicle into a hindpaw did not differ

from latencies observed in uninjected animals (unpublished

observations).

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:

ðLatency inflamed pawdrug�Mean latency inflamed pawvehicleÞ
ðMean latency non-inflamed pawvehicle�Mean latency inflamed pawvehicleÞ

�100

In cases of negative values, the scores were designated as 0 (no

reversal in hyperalgesia).

L5–L6 ligation model of neuropathic allodynia Under

halothane inhalation anesthesia, rats received a unilateral tight

ligation of the L5 and L6 spinal nerves (Kim & Chung, 1992).

Experiments were conducted 1–3 weeks after surgery. Tactile

allodynia was determined by measuring paw withdrawal to a

series of graded von Frey hair (Stoelting, Wood Dale, IL,

U.S.A.) stimulations using the up–down method described by

Dixon (1980). Briefly, rats were placed on an elevated mesh

bottom floor with a 1.27� 1.27 cm2 grid to provide access to

the hindpaw plantar surface. An inverted, clear plastic cage

(29� 18� 12 cm3) was placed over each rat. Each von Frey

filament was presented perpendicularly to the hindpaw

ipsilateral to the injury, and held in this position for

approximately 8 s with enough force to cause a slight buckle
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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 on the ipsilateral hindpaw

were used in this study. Allodynic responses were not observed

in any rat following stimulation of the hindpaw contralateral

to the injury (maximum force tested was 15� g).

Formalin model of chemogenic nociception Experimen-

tally naı̈ve animals were placed in individual mirrored (451)

Plexiglas cages (26� 22� 16 cm3) and allowed to acclimate to

the testing environment for 15min. Formalin (5% in 50 ml) 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

5min. Flinching behaviors were recorded only during the

second phase of the formalin assay.

Drug administration procedures

Naloxone antagonism Three separate experiments were

conducted to investigate the actions of naloxone to attenuate

P2X3/P2X2/3 antagonist produced antinociception, and

whether or not this effect was centrally or peripherally

mediated. In one experiment, animals were pretreated with

naloxone (1–10mg kg�1, i.p.) or vehicle 5min prior to the

systemic injection of A-317491 (10–300mmol kg�1, s.c.) for

each of the three behavioral assays. For comparison, the same

doses of naloxone were used to antagonize the antinociceptive

effects of systemically administered morphine (2–8mg kg�1,

s.c.) in the CFA, neuropathic, and formalin assays. Testing

was started 30min after administration of A-317941 or

morphine. A similar administration paradigm was used to

measure the effects of naloxone (10mgkg�1, i.p.) on the

nonselective P2X antagonist suramin (40mgkg�1, s.c.) in the

CFA model of thermal hyperalgesia. In another experiment,

naloxone methiodide (10mgkg�1, i.p.) or vehicle was adminis-

tered 5min ahead of A-317491 (100mmol kg�1, s.c.) in the CFA
and formalin assays. Finally, naloxone was injected intrathe-

cally (10–50 nmol, 5min pretreatment), or systemically

(10mg kg�1, i.p., 30min pretreatment) prior to the intrathecal

injection of A-317491 (30 nmol) in the formalin assay. The

volume of each intrathecal injection was 10ml followed by a

10 ml sterile water flush. Testing commenced 5min after the

intrathecal injection of A-317491.

Preparation of compounds For systemic injections,

A-317491 (synthesized at Abbott Laboratories, IL, U.S.A.),

morphine, naloxone, and naloxone methiodide (all from

Sigma-Aldrich, MO, U.S.A.) were dissolved in saline prior

to administration. A solution of dimethylsulfoxide (10%),

2-hydroxypropyl-b-cyclodextrin (34%), and saline (at physio-

logical pH) was used as the vehicle for the intrathecal delivery

of A-317491, naloxone, and morphine. Suramin (Sigma-

Aldrich) was dissolved in water for systemic administration.

Statistics Statistical significance on group means was

measured by an ANOVA followed by a Fisher’s PLSD post

hoc analysis (Po0.05). Data are presented as mean7s.e.m.

In vitro assays

The pharmacological selectivity of A-317491 (10 mM) had been

previously evaluated by use of standardized assay protocols

(Cerep, Celle l’Evescault, France) against each opioid receptor

subtype and several other cell-surface receptors, ion channels,

transport sites, and enzymes (Jarvis et al., 2002). Although

A-317491 was inactive at the k and m receptors, 10 mM did

produce a weak effect at the d receptor (Jarvis et al., 2002).

Therefore, a more detailed analysis of A-317491 was con-

ducted to examine its actions at the d opioid receptor. To this

end, cytosolic Ca2þ concentrations were measured as de-

scribed previously (Jarvis et al., 2002), to determine the effects

of A-317491 on 1mM [D-Pen(2), D-Pen(5)]-enkephalin

(DPDPE)-induced activity in endogenously expressed d
receptors found on NG108-15 cells.

In order to determine if naloxone could prevent A-317491

binding to P2X3 receptors, a binding assay was performed

according to Jarvis et al. (2004) with 1321N1 cells expressing

human P2X3 receptors. Briefly, 3 nM of the [3H] A-317491

radioligand and 20 mg membrane protein were added in each

assay tube. A 10mM stock of naloxone was prepared in dH2O,

and further diluted in dH2O to obtain (10� ) concentrations.

A total of 25ml of the (10� ) solutions was added per assay

tube. Final assay volume was 250ml. Incubation time was

30min at 41C (on ice). Assay was terminated by rapid filtration

over a Whatman GF/B glass fiber filter mat. For comparison,

the effects of ATP on [3H] A-317491 binding were also

examined. A 10mM stock solution of ATP was prepared in

dH2O, and diluted with additional dH2O to obtain (10� )

solutions.

Results

Naloxone antagonism of A-317491-induced
antinociception

In CFA animals, significant hyperalgesia (Po0.01) was

observed on the inflamed but not the noninflamed hindpaw.

Withdrawal latencies to thermal stimulation in vehicle-treated

rats in the A-317491 experiments were 4.7570.15 s (inflamed

paw) and 9.9770.28 s (noninflamed paw), and in the morphine

experiments the latencies were 3.4370.36 s (inflamed paw)

and 11.1470.45 s (noninflamed paw). Administration of

30 mmol kg�1 (s.c.) of A-317491 was antihyperalgesic

(Figure 1a), increasing (Po0.01) withdrawal latencies in the

inflamed hindpaw. Pretreatment with 10mg kg�1 of naloxone

significantly (Po0.01) attenuated the A-317491-induced anti-

nociception (Figure 1a). Naloxone (5–10mgkg�1) also atte-

nuated (Po0.01) the antihyperalgesic effects of morphine

(2mg kg�1, s.c., Figure 1b). Withdrawal latencies were

unaffected by the injection of naloxone alone (10mg kg�1,

i.p., Figure 1a and b). Pretreatment with the high dose of

naloxone (10mg kg�1, i.p.), also reduced the dose-related

efficacy of A-317491 (10–300 mmol kg�1, s.c.) in the CFA assay

(Figure 2).

In the second phase of the formalin assay, 70.0574.06 (A-

317491 experiment) and 68.073.87 (morphine experiment)

instances of nocifensive behaviors were observed from vehicle-

treated animals during the recording period. These events were

not significantly affected by the administration of naloxone
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(10mg kg�1, i.p.), but were reduced (Po0.01) by the injection

of A-317491 (100mmol kg�1, s.c.) or morphine (2mg kg�1, s.c.,
Figure 3a and b). The antinociceptive actions of A-317491 and

morphine were significantly attenuated by administration of

5mgkg�1 (Po0.05) and 10mg kg�1 (Po0.01) of naloxone.

In vehicle-treated neuropathic rats, the threshold for with-

drawal from von Frey hair stimulation to the ipsilateral

hindpaw was 2.4670.2� g (A-317491 experiment) and

2.4370.47� g (morphine experiment). Mechanical sensitivity

was not affected by the injection of 10mgkg�1of naloxone

(Figure 4a). Administration of A-317491 (100 mmol kg�1, s.c.)
raised the withdrawal threshold (Po0.05) to 5.9470.66� g,

but naloxone pretreatment (10mgkg�1, i.p.) did not attenuate

the antiallodynic action of A-317491 in the L5–L6 nerve

ligation model of neuropathic pain (Figure 4a). In contrast, the

potent action of morphine (8mgkg�1, s.c.) was completely

blocked by preadministration of 10mgkg�1of naloxone

(Figure 4b).

Contributions from central or peripheral opioids to
A-317491-induced antinociception Systemic administra-

tion of naloxone methiodide (10mgkg�1, i.p.), which does

not readily cross the blood–brain barrier, did not affect the

antinociceptive actions of A-317491 (100mmol kg�1, s.c.) in

either the CFA or formalin assays (Figure 5a). Doses equal to

or lower than 10mgkg�1 of naloxone methiodide have been

shown to attenuate peripheral-opioid antinociception (Reich-

ert et al., 2001; Furst et al., 2005). However, intrathecal (30

and 50 nmol, Po0.05 and 0.01, respectively) and systemic

(10mg kg�1, i.p., Po0.01) injections of naloxone reduced the

antinociceptive effects of intrathecally delivered A-317491

(30 nmol) on formalin-induced nocifensive behaviors (Figure

5b and c).

Naloxone antagonism of suramin-induced antinociception

In the CFA assay, the nonselective P2X antagonist, suramin

(40mg kg�1, s.c.) significantly raised the withdrawal latencies

of the injured paw from 5.2870.31 s (vehicle-treated rats) to

8.0570.63 s (Figure 6). Pretreatment with 10mg kg�1 (i.p.) of

naloxone significantly (Po0.01) attenuated the antihyperalge-

sic action of suramin.

In vitro assays

A-317491 (10mM) was previously demonstrated to be a highly

selective compound with no significant activity at the m and k
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Figure 1 Naloxone (1–10mgkg�1, i.p.) attenuated, in a dose-
related manner, the antihyperalgesic actions of (a) A-317491
(30 mmol kg�1, s.c.) and (b) morphine (2mgkg�1, i.v.) in the CFA
model of thermal hyperalgesia. Withdrawal latencies of the
noninflamed hindpaws were unaffected by administration of
morphine (11.0470.78 s) or A-317491 (10.2170.3 s) compared to
the vehicle-treated groups (11.1470.45 and 9.9770.28 s, respec-
tively); n¼ 6–7 per group, *Po0.05, **Po0.01 vs vehicle group;
þ þPo0.01 vs A-317491 or morphine group, respectively.
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Figure 2 At 10mgkg�1, i.p. naloxone shifted the A-317491 (10–
300 mmol kg�1, s.c.) dose–response curve to the right, thereby
decreasing the potency of A-317491 to reduce CFA-induced thermal
hyperalgesia on the inflamed hindpaw. Compared to the vehicle
control group (10.6970.31 s), the noninflamed hindpaw was
unaffected by administration of any dose of A-317491 (range of
10.7570.6 to 10.7670.8 s) or by naloxone-A-317491 (range of
10.370.14 to 11.2170.72 s); n¼ 6 per group, **Po0.01 vs vehicle
group.

S. McGaraughty et al Endogenous opioids in P2X3/P2X2/3 antinociception 183

British Journal of Pharmacology vol 146 (2)



opioid receptors, but weak activity was observed at the d
receptor (Jarvis et al., 2002). Subsequently, by measuring

antagonism of DPDPE-evoked (1 mM) cytosolic Ca2þ concen-

trations in NG108-15 cells, the IC50 of A-317491 (3–100mM)
was determined to be 20mM at the d receptor (Figure 7b).

Application of A-317491 at the doses tested did not evoke any

agonist activity at the d receptor (Figure 7a). Additionally, it

was determined that naloxone (up to 1mM) did not compete

for specific binding with A-317491 (3 nM) to P2X3 receptors

(Figure 8). For comparison, ATP inhibited A-317491 binding

with an IC50 of 22.7 nM (Figure 8).

Discussion

P2X3/P2X2/3 receptors have emerged as key players in ATP-

induced nociception. These receptors are expressed in relevant

sensory afferents (Chen et al., 1995) and are upregulated

following a neuropathic or inflammatory injury (Novakovic

et al., 1999; Xu & Huang, 2002). Furthermore, gene-ablation

or treatment with P2X3 antisense oligonucleotides results in

antinociception (Cockayne et al., 2000; Souslova et al., 2000;

Barclay et al., 2002; Honore et al., 2002). Administration of

A-317491, the first potent and selective P2X3/P2X2/3 receptor

antagonist, has revealed clear roles for both spinal and

peripheral P2X3/P2X2/3 receptors in alleviating pathological

nociception in a broad spectrum of animal pain models (Jarvis

et al., 2002; McGaraughty et al., 2003). The present study

demonstrates that the endogenous opioid system plays an

important role in some forms of antinociception produced by

injection of a P2X3/P2X2/3 receptor antagonist. Administration

of naloxone, an opioid antagonist, attenuated A-317491-

induced antinociception in the CFA and formalin models

of pathological nociception. Thus, injection of a potent and

selective P2X3/P2X2/3 receptor antagonist appears to utilize the

endogenous opioid system to reduce both thermal hyperalgesia

and chemogenic nociception.

This opioid-related effect of A-317491 was most likely

indirect and due to an activation of ‘downstream’ opioid

mechanisms since A-317491 has little to no direct activity at
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Figure 3 Naloxone (1–10mg kg�1, i.p.) reduced the antinociceptive
actions of (a) A-317491 (100 mmol kg�1, s.c.) and (b) morphine
(2mgkg�1, s.c.) in the formalin model of chemogenic nociception;
n¼ 4–8 per group, *Po0.05, **Po0.01 vs vehicle group; þPo0.05,
þ þPo0.01 vs A-317491 or morphine group, respectively.
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Figure 4 In (a), naloxone (10mgkg�1, i.p.) did not alter the
antiallodynic action of A-317491 (100 mmol kg�1, s.c.) in the L5–L6
ligation model of neuropathic pain. However, in (b) the same dose of
naloxone (10mgkg�1, i.p.) blocked the action of 8mgkg�1 (s.c.) of
morphine. Mean withdrawal threshold of the contralateral ‘unin-
jured’ hindpaw was 13.7670.34 g prior to administration of drugs.
n¼ 4–6 per group, **Po0.01 vs vehicle group; þ þPo0.01 vs
morphine group.
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opioid receptors. It has been previously shown that A-317491

is inactive at m and k opioid receptors (Jarvis et al., 2002). In

the current study, at concentrations up to 100mM, A-317491
did not produce an agonist response at the d opioid receptor.

Although A-317491 was found to have weak antagonist

(IC50¼ 20mM) activity at the d opioid receptor, it is unlikely

that free plasma concentrations of A-317491 ever reached

sufficient levels to affect the d receptor. Systemic bioavail-

ability of A-317491 is approximately 80%, but the compound

is highly (499%) protein bound (Jarvis et al., 2002). Thus, the

estimated free plasma concentration following systemic injec-

tion of 100 mmol kg�1 of A-317491 is approximately 300 nM,

which is approximately 10-fold less than that required to block

d receptors in vitro. Furthermore, the antinociceptive effect of

suramin, a structurally dissimilar nonselective P2X receptor

antagonist, was also reduced by naloxone.

The indirect utilization of the endogenous opioid system

to attenuate nociception has been demonstrated following

administration of several pharmacological agents including

nonsteroidal anti-inflammatory drugs (NSAIDS), antidepres-

sants, a2-adrenoreceptor agonists, and neuropeptide FF

agonists (Gouarderes et al., 1996; Schreiber et al., 2000;

Tejwani & Rattan, 2000; Vanegas & Tortorici, 2002). Thus,
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Figure 6 Naloxone (10mgkg�1, i.p.) reduced the antinociceptive
activity of suramin (40mgkg�1, s.c.), a nonselective P2X receptor
antagonist, in the CFA model of thermal hyperalgesia. Withdrawal
latencies of the noninflamed hindpaws were unaffected by admin-
istration of suramin (10.270.42 s) compared to the vehicle-treated
group (10.7470.43 s); n¼ 6 per group, **Po0.01 vs vehicle group;
þ þPo0.01 vs suramin group.
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pharmacologically diverse compounds can indirectly tap into

the advantageous actions of endogenous opioids. Along with

the pharmacological diversity, there is likely a large diversity in

mechanisms and regions that are used to trigger the opioid

activity. Although the current experiments do not explain how

antagonism of the P2X3/P2X2/3 receptors indirectly initiates

opioid activity to decrease nociception, the mechanism may

include enhancing the release of opioids from primary

afferents or second-order spinal neurons (Zadina et al., 1999;

Przewlocki & Przewlocka, 2001), or limiting the effects of

antiopioid transmitters like CCK (Wiesenfeld-Hallin et al.,

2002). Nevertheless, whatever mechanism triggered the activa-

tion of the opioid system, it did not result in tolerance to A-

317491, since the antihyperalgesic effectiveness of A-317491

does not diminish with repeated dosing (Jarvis et al., 2002).

Inflammatory hyperalgesia can be reduced by endogenous

opioids acting at both central and peripheral sites (Przewlocki

& Przewlocka, 2001). However, the contributions from

endogenous opioids following antagonism of P2X3/P2X2/3

receptors appear to be both initiated and mediated by central

sites. Administration of 10mgkg�1 of naloxone methiodide,

which acts as a peripheral opioid antagonist when given

systemically, did not attenuate the antinociceptive actions of

systemic A-317491 in either the CFA or formalin models of

pathological nociception suggesting that the opioid contribu-

tion to the antinociception was mediated by central mechan-

isms. Doses lower than or equal to 10mgkg�1 of naloxone

methiodide have been demonstrated to attenuate peripherally

mediated opioid antinociception (Reichert et al., 2001; Furst

et al., 2005). The opioid utilization could also be triggered by

activity at central P2X3/P2X2/3 receptors, since the antinoci-

ceptive actions of intrathecally delivered A-317491 were

attenuated by systemic administration of naloxone. A central

interaction between these mechanisms was confirmed by the

effectiveness of intrathecally administered naloxone to reverse

the actions of intrathecal A-317941 in the formalin assay.

The most likely site of A-317491 action to induce the opioid

effects is the superficial laminae of the spinal dorsal horn

(Cook et al., 1997; Vulchanova et al., 1997). However, a recent

paper has suggested that when administered systemically, A-

317491 is a peripherally acting P2X3/P2X2/3 antagonist (Wu

et al., 2004). The authors base this assertion upon a low

plasma-to-brain ratio (0.00825) for A-317491 following sub-

cutaneous injections. Despite this very low ratio, the authors

also measured 242.973.2 ng g�1 tissue of A-317491 (430 nM) in

the brain following a 10mgkg�1 dosing (about 16mmol kg�1).
Considering that the Ki value for A-317491 at the rat P2X3

receptor is 2278 nM (Jarvis et al., 2002), the levels of A-317491

entering the central nervous system following systemic admin-

istration, particularly at doses higher than 16 mmol kg�1,

0

1000

2000

3000

4000

5000

M
ax

  R
F

U

3 
µM

0 
µM

10
 µ

M

10
0 

µM

30
 µ

M

X

Y

M
ax

  R
F

U

Time (sec)

30 µM 
A-317491

0 50 100 150 200 250 300

3000

2000

1000

-1000

-2000

-3000

0

a

b

Figure 7 (a) Representative changes in intracellular calcium con-
centrations in NG108-15 cells by A-317491 and DPDPE. Following
pipetting equilibration, application of 30 mM A-317491 (X) alone did
not produce a significant increase in intracellular calcium concen-
trations. Similar application of 1 mM DPDPE (Y), in the absence of
A-317491, resulted in a rapid increase in intracellular calcium
concentrations (large peak). Application of 30 mM A-317491
significantly attenuated the amplitude of the DPDPE-evoked
calcium response. (b) A-317491 produced a concentration-depen-
dent block of 1mM DPDPE-evoked increase in intracellular calcium
concentrations (IC50¼ 20 mM).
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Figure 8 Representative concentration–effect curves for the ability
of ATP and naloxone to compete for 3 nM [3H] A-317491 binding
to 1321N1 cells expressing human P2X3 receptors. Naloxone, at
concentrations up to 1mM, did not compete for [3H] A-317491
binding. In contrast, ATP inhibited 3 nM [3H] A-317491 binding in a
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should be sufficient to produce spinal-mediated antinocicep-

tion and trigger opioid utilization.

In contrast to the antihyperalgesic effects in the CFA and

formalin models, the antiallodynic actions of A-317491 in the

L5–L6 ligation model of neuropathic pain were not attenuated

by naloxone. This suggests that antagonism of P2X3/P2X2/3

receptors can reduce at least one form of pathological

nociception without triggering endogenous opioid mechan-

isms. Interestingly, a similar profile exists for the indirect

interaction between neuropeptide FF and endogenous opioids

(Altier et al., 2000). Naloxone is able to block the antinoci-

ceptive effects of neuropeptide FF in models of inflammation

but not neuropathy (Altier et al., 2000). This lack of opioid

utilization by neuropeptide FF and A-317491 in models of

neuropathic pain may be related to the decreased efficacy of

spinal opioids following nerve injury (Ossipov et al., 1995),

particularly when measuring tactile allodynia (Bian et al.,

1995; Lee et al., 1995). Thus, P2X3/P2X2/3-mediated anti-

nociception is not totally reliant on contributions from

endogenous opioids. It is likely that both opioid-independent

and opioid-dependent mechanisms were involved in reducing

CFA and formalin-related nociception, since naloxone, at least

at the doses tested, did not completely block the actions of

A-317491.

In conclusion, antagonism of P2X3/P2X2/3 receptors results

in an indirect utilization of the opioid system to alleviate

pathological nociception in animal models of inflammatory

hyperalgesia and chemogenic pain, but not in a model of

neuropathic allodynia. Moreover, our results suggest that this

antinociception is triggered by direct antagonism of spinal

P2X3/P2X2/3 receptors and is mediated by the spinal opioid

system.
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