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Abstract

The role of peripheral adenosine receptors in pain is a controversial issue and seems to be quite different from the roles of spinal
and central adenosine receptors. The present study is aimed at clarifying the role of these receptors in peripheral nociception. To
clarify this, studies were done on Swiss mice with adenosine receptor agonists and antagonists. Nociceptive behavior was
induced by subcutaneous injection of glutamate (10 pmol) into the ventral surface of the hind paw of mice. Statistical analyses
were performed by one-way ANOVA followed by the Student-Newman-Keuls post hoc test. Results showed that intraplantar
(i.pl.) administration of N6-cyclohexyl-adenosine (CHA), an adenosine A1l receptor agonist, at 1 or 10 pg/paw significantly
reduced glutamate-induced nociception (p<0.01 and p<0.001 vs. vehicle, respectively, n=8—10). In contrast, i.pl. injection of
hydrochloride hydrate (CGS21680, an adenosine A2A receptor agonist) (1 png/paw) induced a significant increase in glutamate-
induced nociception compared to the vehicle (p<0.05, n=8), while 4-(-2-[7-amino-2-{2-furyl} {1,2,4}triazolo{2,3-a}
{1,3,5} triazin-5-yl-aminoJethyl)phenol (ZM241385, an adenosine A2A receptor antagonist) (20 pg/paw) caused a significant
reduction (p<0.05, n=7-8). There were no significant effects on i.pl. administration of four additional adenosine receptor drugs—
8-cyclopentyl-1,3-dipropylxanthine (DPCPX, an Al antagonist, 1-10 pg/paw), N(6)-[2-(3,5-dimethoxyphenyl)-2-(2-
methylphenyl)-ethyl]adenosine (DPMA, an A2B agonist, 1-100 pg/paw), alloxazine (an A2B antagonist, 0.1-3 pg/paw), and
2-hexyn-1-yl-N(6)-methyladenosine (HEMADO) (an A3 agonist, 1-100 pug/paw) (p>0.05 vs. vehicle for all tests). We also
found that prior administration of DPCPX (3 pg/paw) significantly blocked the anti-nociceptive effect of CHA (1 pg/paw)
(»<0.05, n=7-9). Similarly, ZM241385 (20 ng/paw) administered prior to CGS21680 (1 pg/paw) significantly blocked
CGS21680-induced exacerbation of nociception (p<0.05, n=8). Finally, inosine (10 and 100 pg/paw), a novel endogenous
adenosine A1 receptor agonist recently reported by our research group, was also able to reduce glutamate-induced nociception
(p<0.001 vs. vehicle, n=7-8). Interestingly, as an A1 adenosine receptor agonist, the inosine effect was significantly blocked by
the Al antagonist DPCPX (3 pg/paw) (p<0.05, n=7-9) but not by the A2A antagonist ZM241385 (10 pg/paw, p>0.05). In
summary, these results demonstrate for the first time that i.pl administration of inosine induces an anti-nociceptive effect, similar
to that elicited by CHA and possibly mediated by peripheral adenosine A1 receptor activation. Moreover, our results suggest that
peripheral adenosine A2A receptor activation presents a pro-nociceptive effect, exacerbating glutamate-induced nociception
independent of inosine-induced anti-nociceptive effects.

Keywords Inosine - Anti-nociception - Adenosine receptor - Pain - Glutamate

P4 F. P. Nascimento > Programa de P6s-Graduagdo em Biociéncias, Instituto
francisney.nascimento @unila.edu.br Latino-Americano de Ciéncias da Vida e da Natureza, Universidade
Federal da Integracdo Latino-Americana, Foz do
Iguagu, PR 85868-020, Brazil
Programa de Pos-Graduag@o em Farmacologia, Departamento de 4 . . . N
Farmacologia, Centro de Ciéncias Biologicas, Universidade Federal LgPorgtong fle quroblologla daD gr e .Inﬂar.na,g:af), Dep al.tame.nto de
de Santa Catarina, Campus Universitario, Trindade, Ciéncias Fisiologicas, Centro de Ciéncias Biologicas, Universidade

Florianépolis, SC 88040-900, Brazil Federal de Santa Catarina, Campus Universitario, Trindade,

Floriandpolis, SC 88040-900, Brazil
Centro de Inovacao e Ensaios Pré-clinicos — CIEnP, Cachoeira do

Bom Jesus, Floriandpolis, SC 88056-000, Brazil

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11302-021-09781-y&domain=pdf
http://orcid.org/0000-0002-6657-4045
mailto:francisney.nascimento@unila.edu.br

304

Purinergic Signalling (2021) 17:303-312

S. J. Macedo-Junior Pharmacist graduated from the Federal University of Santa Catarina (2011). Master (2014)
and Doctor (2018) in Pharmacology by the Graduate Program in Pharmacology at the Federal University of Santa
Catarina. Post-doctorate (2018-2020) at the Center for Innovation and Pre-Clinical Trials (CIEnP) in Florianépolis,
focusing on non-clinical studies for drug development. He has experience in the area of toxicity induced by heavy
metals, studying the protective potential of endogenous purines against the toxic effects of methylmercury in
rodents. He also has experience in the field of pain pharmacology, studying the involvement of TRPs receptors
in animal models of neuropathic pain and pain caused by toxins. He is currently a Junior Researcher at CIEnP

where he is the Director of Efficacy Studies.

Introduction

Adenosine receptors are widely distributed in mammals and
are found in many organs and tissues of the central and pe-
ripheral nervous systems. Centrally, adenosine receptors are
located in superficial layers of the dorsal horn of the spinal
cord, at specific supraspinal pathways related to nociceptive
signaling, pre- and post-synaptically on neurons, and on glial
cells [1-8]. Interestingly, several studies have demonstrated
the role of adenosine receptors in nociception. It is well
established that spinal and supraspinal A1 adenosine receptor
activation by classical selective agonists reduces nociception
in a broad range of preclinical models [3, 9, 10]. We have
previously demonstrated that the anti-nociceptive effect of
inosine, a novel adenosine Al receptor agonist, depends on
A1l adenosine receptor activation in the spinal cord or
supraspinally [11-14] to be effective in mouse chronic neuro-
pathic or inflammatory pain models. Similarly, activation of
A2A and A2B adenosine receptors appears to act on spinal
glia to suppress nociceptive signaling and on immune cells to
suppress inflammation, and, thus, this may be useful against
inflammatory and neuropathic pain [3, 15-18]. In addition,
A3 adenosine receptor-selective agonists promote anti-
nociception when given systemically or spinally, with mech-
anistic actions on glial cells [19-22].

Despite their presence in peripheral nociceptive sensory
nerve endings and on inflammatory and immune cells
[8—14], the role of peripheral adenosine receptors in
nociception has not been completely elucidated. Several ani-
mal studies have suggested that peripheral A1 adenosine re-
ceptors have an anti-nociceptive role, as adenosine and Al
adenosine receptor agonists injected into mouse paws induced
an anti-nociceptive response [3, 23-26]. Other studies have
proposed that peripheral A2 adenosine receptors have a pro-
nociceptive effect, since A2 adenosine receptor agonists
injected into rodent paws elicited hyperalgesia or nociceptive
behaviors, which were then reduced by A2 adenosine receptor
antagonists [17, 23]. Injections of A2 adenosine receptor ag-
onists together with formalin also seem to exacerbate
formalin-induced nociception [3, 15-18, 24, 25]. Taken
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together, these results suggest that adenosine may activate
peripheral Al adenosine receptors to relieve nociception but
also activate A2 adenosine receptors to induce peripheral
nociception. Thus, adenosine-induced peripheral pain does
not seem to be a good strategy for investigating the role(s)
of adenosine receptors, as it is not a classical nociceptive
model. Further, it induces peripheral nociception only through
activation of A2 adenosine receptors (A2A or A2B), hamper-
ing the identification of the roles played by Al or A3
receptors.

Thus, in order to clarify the role of peripheral adenosine
receptors in peripheral nociception, we used the well-
established glutamate-induced nociception model. Glutamate
is a major excitatory neurotransmitter that contributes to the
development and maintenance of pain responsiveness and is
directly involved in nociceptive signal generation and trans-
mission in the nociceptive primary afferent neuron [27-29]. In
addition, the glutamate induces nociceptive behavior of very
short duration in the experimental animal [29], which is more
ethical and acceptable when the objective is to study only
peripheral and acute nociception. In addition to the classical
adenosine receptor agonists and antagonists, we also used
inosine, which we have already demonstrated acts via adeno-
sine receptors to present anti-nociceptive effects in a
glutamate-induced nociception model.

Methods
Animals

A total of 244 Swiss mice (Mus musculus) (122 males and 122
females) from the Universidade Federal de Santa Catarina
(Florianopolis, Brazil) were used for all experiments. Each
of the various groups in the experimental design contained
three to five mice. Mice (70 to 90 days old) were housed at
22+2 °C under a 12-h light/12-h dark cycle (lights on at 6:00
a.m.) and had access to food and water ad libitum. They were
acclimatized to the laboratory room for at least 1 hour before
testing and were used only once. Experiments were performed
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according to protocols approved by the Committee for Animal
Research of the Universidade Federal de Santa Catarina (pro-
tocol number PP00484). All experiments were carried out in
accordance with current guidelines for the care of laboratory
animals and the ethical guidelines for investigations of exper-
imental pain in conscious animals [30]. The number of ani-
mals and intensities of noxious stimuli used were the mini-
mum necessary to demonstrate consistent effects. It is impor-
tant to note that we did not keep track of mice sex (male or
female) during the experiments where adenosine receptor ag-
onists or antagonist were tested. At the end of each experi-
ment, animals were euthanized with inhaled CO, plus 10—
50% O,

Drugs

All drugs were administered by the intraplantar (i.pl.) route.
The maximum volume of each injection was 20 uL.. When the
same animal received both an antagonist and an agonist injec-
tion, the injections together had a total volume of 20 uL. The
volume of glutamate injected was 20 pL. The interval be-
tween injections was 5 minutes. Inosine, L-glutamic acid hy-
drochloride (glutamate), N6-cyclohexyl-adenosine (CHA),
and dimethylsulfoxide (DMSO) were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). 8-Cyclopentyl-
1,3-dipropylxanthine (DPCPX), hydrochloride hydrate
(GS21680), ZM241385, alloxazine, DPMA, and 2-hexyn-1-
yI-N(6)-methyladenosine (HEMADO) were purchased from
Tocris Bioscience (Tocris Cookson Ltd., Bristol, United
Kingdom). Glutamate was prepared in sterile saline (0.9%
NaCl), while all other drugs were dissolved in saline with
5% DMSO. The final concentration of DMSO did not exceed
5% and did not cause any effects per se.

Nociception test

We used the i.pl. glutamate injection as a model of peripheral
pain. The procedure was similar to that described previously
[29]. A volume of 20 pL of glutamate (10 umol/paw) was
injected intraplantarly into the ventral surface of the right hind
paw. Animals were observed individually for 15 min after
glutamate injection, as previous studies have suggested that
the nociceptive response induced by glutamate at 10 pmol/
paw is evident during the first 15 minutes after injection but
nearly absent afterward [29]. The amount of time spent licking
the injected paw was recorded with a chronometer and was
considered indicative of nociception. In a separate group of
animals, the vehicle used to prepare the glutamate injection
(sterile saline, 0.9% NaCl) was injected into the paw; none of
the mice exhibited a nociceptive response (data not shown).
Therefore, to reduce the number of animals used, we did not
include a vehicle control group for glutamate in the subse-
quent experimental protocols.

Evaluation of adenosine receptor involvement in
inosine peripheral anti-nociception

We used selective agonists and antagonists to evaluate the
involvement of adenosine receptors on inosine peripheral
anti-nociception. The sequence of injections to evaluate
each receptor was depicted in Fig. 1. All intervals be-
tween injections were 5 minutes. This interval period
was chosen in order to avoid paw swelling and/or redness
and also changes in locomotor activity due to volume
injection, which could prejudice behavior or hinder the
assessment of the nociceptive response. The experimental
protocol is summarized in Fig. 1. As there were very few
data available in the literature to support dosage choices,
we constructed dose-response curves for all agonists and
antagonists to identify the dose that could inhibit or ex-
acerbate glutamate-induced nociceptive behavior.

Involvement of peripheral adenosine A1 receptor in
glutamate-induced nociception

To evaluate the involvement of the peripheral adenosine
Al receptor in glutamate-induced nociception, we used
CHA (0.1 to 10 pg/paw) and inosine (1 to 100 pg/paw),
both of which are adenosine Al receptor agonists, and the
Al receptor antagonist DPCPX (1 to 10 pg/paw). CHA
and DPCPX have been shown to be selective to adenosine
A1l receptors [30-33].

Involvement of peripheral adenosine A2A receptor in
glutamate-induced nociception

To evaluate the involvement of the peripheral adenosine A2A
receptor, we used the adenosine A2A receptor agonist
CGS21680 (0.01 to 1 pg/paw) and the A2A receptor antago-
nist ZM241385 (1 to 20 pg/paw). Studies have suggested that
both drugs are selective to adenosine A2A receptors [30,
33-36].

Involvement of peripheral adenosine A2B receptor in
glutamate-induced nociception

To evaluate the involvement of the peripheral adenosine A2B
receptor, we used the non-selective A2B receptor agonist
DPMA (1 to 100 pg/paw) and the A2B receptor antagonist
alloxazine (0.1 to 3 pg/paw). Studies have suggested that
DPMA presents similar selectivity to A2 receptor subtypes
[34, 35] and that alloxazine presents approximately 10-fold
greater selectivity for A2B receptors than for A2A receptors
[37].
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Experimental Protocol

Immed.

Vehicle or Vehicle or
Adenosine receptor Adenosine receptor Evaluation of
antagonists agonists or Inosine Glutamate Nociceptive Behavior
=
.

During 15 minutes
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Fig. 1 Schematic of the experimental protocol. Animals were first nociception. The following sequences of drug administration were used:

injected by the intraplantar route with vehicle or adenosine receptor 1. Vehicle — vehicle — glutamate; 2. Vehicle — adenosine receptor agonist
antagonists; after 5 minutes, they received vehicle, adenosine receptor — glutamate; 3. Vehicle — inosine — glutamate; 4. Adenosine receptor
agonists, or inosine. After a 5-minute interval, glutamate (10 pmol/paw) antagonist — vehicle — glutamate; 5. Adenosine receptor antagonist —
was administered and nociceptive behavior was recorded for 15 minutes. adenosine receptor agonist — glutamate; 6. Adenosine receptor antagonist
The time spent licking the injected paw was considered indicative of ~ — inosine — glutamate. n = 3—5 total male and female mice
Fig. 2 Effect of adenosine EE CHA (ug/paw, ipl.) [ CGS21680 (ug/paw,ipl.) [J DMPA (ug/paw,ipl.) [ HEMADO (ug/paw, i.pl.)
receptor agonists in a glutamate-
induced nociception model. a b
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Lt?;?fgﬂ?;ﬁ;::Oilrl;;ftigﬁfn]gz:a Glutamate (10 umol/paw, i.pl.) Glutamate (10 umol/paw, i.pl.)
are presented as mean+S.E.M.
Statistical analysis was performed
using one-way ANOVA followed Cc d
by Student-Newman-Keuls post 240 240
hoc test. s, seconds. *p<0.05,
*#p<0.01, and ***p<0.001 for 180- 180-
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of vehicle. n = 2—3 total male and i_) — T é
female mice 604 604
0- T T T 0- T T T
Veh 1 10 100 Veh 1 10 100
Glutamate (10 umol/paw, i.pl.) Glutamate (10 umol/paw, i.pl.)
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Fig. 3 Effect of adenosine receptor antagonists in glutamate-induced
nociception model. Dose-response curves of (a) DPCPX—an adenosine
Al receptor antagonist, (b) ZM241385—an adenosine A2a antagonist,
and (c) alloxazine—an adenosine A2b receptor antagonist. DPCPX,
ZM241385, or alloxazine were administered by the intraplantar route 5

Involvement of peripheral A3 receptor in glutamate-
induced nociception

To evaluate the involvement of the peripheral adenosine A3
receptors, we used the adenosine A3 receptor agonist
HEMADO (1 to 100 pg/paw). HEMADO has been shown
to be selective to adenosine A3 receptors [30, 33, 38, 39].

Statistical analysis

The experimental results are presented as means + the stan-
dard error of the mean (S.E.M). No data were excluded and
were analyzed by one-way ANOVA followed by Student-
Newman-Keuls post hoc test. p values less than 0.05 were
considered indicative of significance. The statistical software

B8 DPCPX (ug/paw, i.pl)

1604

120-

Licking (s)
=]
I

Veh 0

0.1 1

CHA (1 ug/paw, i.pl.)

Glutamate (10 umol/paw, i.pl.)

Fig. 4 Effect of adenosine receptor antagonists administered after
adenosine receptor agonists in glutamate-induced nociception. (a)
DPCPX—an adenosine Al antagonist—inhibited the anti-nociceptive
effect of CHA. (b) ZM241385—an adenosine A2a antagonist-reduced
CGS21680-induced increases in glutamate-induced nociception.
DPCPX or ZM241385 was administered by the intraplantar route 5 mi-
nutes before CHA or CGS21680, respectively. CHA or CGS21680 was
administered by the intraplantar route 5 minutes before glutamate

Glutamate (10 umol/paw, i.pl.)

Glutamate (10 umol/paw, i.pl.)

minutes before glutamate injection. Data are presented as mean+S.E.M.
Statistical analysis was performed using one-way ANOVA followed by
Student-Newman-Keuls post hoc test. s, seconds. *p<0.05 for the com-
parisons of the effects of agonists and antagonists with those of vehicle. n
= 3-5 total male and female mice

used was Prism 4.0 (GraphPad Software, San Diego,
California, USA).

Results

We first evaluated whether peripherally administered adeno-
sine receptor agonists could reduce glutamate-induced
nociception. Figure 2a shows that compared to the vehicle,
two doses of CHA (1 and 10 pg/paw) reduced glutamate-
induced nociception (119.1+8.14 vs. 55.334+7.32; p<0.01
and 119.148.14 vs. 19.71+5.05; p<0.001, respectively). On
the other hand, as shown in Fig. 2b, i.pl. administration of
CGS21680 (1 pg/paw) exacerbated glutamate-induced
nociception (196.3+£22.66 vs. 99.80+18.13; p<0.05).
The effects of DPMA (1-100 pg/paw) and HEMADO

[ ZM241385 (ug/paw, i.pl)

250+ *
200+
0
-t 150 #
<
2 1
L 1004
|
50
0- T T
Veh 0 20

CGS21680 (1 ug/paw, i.pl.)

Glutamate (10 umol/paw, i.pl.)

injection. Data are presented as mean+S.E.M. Statistical analysis was
performed using one-way ANOVA followed by Student-Newman-
Keuls post hoc test. s, seconds. *p<0.05 and ***p<0.001 for comparisons
of the effects of agonists and antagonists with those of vehicle. * denotes a
statistically significant difference compared with CHA (1 pg/paw) or
CGS21680 (1 pg/paw) groups in the absence of DPCPX or
ZM?241385, respectively. n = 3—5 total male and female mice
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Fig. 5 The anti-nociceptive effect of inosine in a glutamate-induced
nociception model is mediated by adenosine Al receptors. (a) Inosine
dose-response curve. (b) DPCPX—an adenosine Al antagonist—
inhibited the anti-nociceptive effect of inosine. (¢c) ZM241385—an aden-
osine A2a antagonist—did not affect the anti-nociceptive effect of ino-
sine. Inosine was administered by the intraplantar route 5 minutes before
glutamate injection. DPCPX or ZM241385 was administered by the

(1-100 pg/paw) were not significantly different from
that induced by the vehicle at any of the tested doses
(Figs. 2c, d, respectively).

Next, we evaluated whether peripherally administered
adenosine receptor antagonists could reduce glutamate-
induced nociception. Figure 3a shows that i.pl. administration
of DPCPX (1-10 pg/paw) did not significantly change
nociception at any of the tested doses. However, ZM241385
(20 pg/paw) significantly reduced glutamate-induced
nociception (77.00+16.26 vs. 221.3+40.69; p<0.05) (Fig.
3b). Interestingly, the mice receiving ZM241385 (Fig. 3b)
spent more time licking their glutamate-injected paw than
did the mice receiving DPCPX or alloxazine (Figs. 3a, c).
We were not able to identify the specific variable(s) affecting
the amount of time spent paw licking, but all of the experi-
mental groups represented in Fig. 3 appear to have been af-
fected in a similar way. Although not common, this kind of
variation is possible when considering animal behavior;
Therefore, we believe that this observation neither impairs
the interpretation of the results nor the conclusion that
ZM241385 (20 pg/paw) significantly reduced glutamate-
induced nociception. Alloxazine did not have an effect on
nociception at any of the doses tested (Fig. 3c¢).

The anti-nociceptive effect of CHA (1 pg/paw) was signif-
icantly reduced by prior injection of the A1l receptor antago-
nist DPCPX (3 pg/paw) (38.504+7.79 vs. 127.50+14.05;
p<0.05) (Fig. 4a). In addition, prior administration of
ZM241385 (20 pg/paw) reduced the exacerbation of
nociception by CGS21680 (1 pg/paw) (196.3+£22.66 vs.
109.6+14.04; p<0.05).

Finally, previous studies by our research group have shown
that inosine is able to directly activate adenosine A1 receptors
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Glutamate (10 umol/paw, i.pl.)

Glutamate (10 umol/paw, i.pl.)

intraplantar route 5 minutes before inosine. Data are presented as mean
+S.E.M. Statistical analysis was performed using one-way ANOVA
followed by Student-Newman-Keuls post hoc test. s, seconds. *p<0.05,
*#p<0.01, and ***p<0.001 for comparisons of the effects of agonists and
antagonists with those of vehicle. * denotes significant statistical differ-
ence compared with inosine (10 pg/paw) group in absence of DPCPX. n
= 3-5 total male and female mice

to promote anti-nociceptive effects. Here, we confirm and
extend these previous findings. Figure 5a demonstrates that
nociception induced by glutamate was significantly reduced
by inosine at 10 and 100 pg/paw (102+9.76 vs. 50.43£5.25
and 10249.76 vs. 43.43+4.82, respectively; p<0.001 for both
comparisons). Moreover, the peripheral anti-nociceptive ef-
fect induced by inosine (10 pg/paw) was significantly reduced
by a prior injection of DPCPX (3 pg/paw) (Fig. 5b). Finally,
as shown in Fig. Sc, prior injection of ZM241385 (10 pg/paw,
a dose that did not present an anti-nociceptive effect) was not
able to counteract the anti-nociceptive effect of inosine (10
pg/paw) (59.20+6.18 vs. 52.00+6.67; p>0.05).

It is important to point out that there were no significant
differences in average licking times between male and female
mice (120.8+25.48 s and 117431.62 s, respectively; p=0.83
by Student’s t-test). However, it should be noted that we did
not keep track the mice sex (male or female) during the ex-
periments where the adenosine receptor agonists or antago-
nists were tested.

Discussion

The results of the present study demonstrate an anti-
nociceptive effect of peripheral adenosine A1 receptor activa-
tion and a pro-nociceptive effect of peripheral adenosine A2A
receptor activation in the glutamate-induced nociception mod-
el. These findings were obtained using adenosine receptor
agonists and antagonists with high levels of specificity for
their respective receptors. CHA presents an approximately
540-fold greater selectivity for Al receptors than A2 [31],
while CGS21680 exhibits an approximately 140-fold
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selectivity for A2A receptors compared with the Al receptor
[34]. The antagonist DPCPX presents a 10- to 1,000-fold
greater selectivity for the Al receptor than other receptors
[33], and the A2A receptor antagonist ZM-241385 exhibits a
50- to 500-fold greater selectivity for A2A receptors [35, 36].

Adenosine receptors, particularly the A1 and A2 receptors,
are located on peripheral nociceptive sensory nerve endings
[3,25, 26, 40-44] and modulate pain thresholds when they are
activated or blocked. Many studies have used the peripheral
injection of adenosine receptor agonists and antagonists to
study the involvement of these receptors in peripheral
nociception [3, 23-25, 42, 44]. Our findings reinforce the
theory that adenosine receptors are located on peripheral no-
ciceptive sensory nerve endings. Glutamate injections directly
activate the glutamate receptors found on nociceptive sensory
nerve endings, causing depolarization mainly mediated by
NMDA and AMPA receptors [27, 45]. Considering that aden-
osine receptors co-exist with glutamate receptors in peripheral
nociceptive sensory nerve endings, local activation or block-
age of the receptors may be modulating the response induced
by glutamate.

The adenosine A1 receptor is a classical G; protein-coupled
receptor in which intracellular signaling involves inhibition of
cyclic AMP/PKA, blockage of Ca** channels, and the open-
ing of K* channels [2, 3, 46]. In this sense, peripheral activa-
tion of adenosine A1l receptors reduces neuronal excitability
and consequently the transmission of action potentials evoked
by the nociceptive stimulus. Interestingly, some studies have
suggested that peripheral adenosine A1 receptors are involved
in the anti-nociceptive effects of important drugs such as am-
itriptyline, acetaminophen, and tramadol [47-49].
Additionally, it is well established that adenosine A1 receptor
agonists present anti-nociceptive properties when adminis-
tered peripherally and that these effects can be reduced by
an adenosine A1 receptor antagonist [24]. When we adminis-
tered CHA, a classical adenosine A1 receptor agonist, prior to
injecting glutamate, we observed that it reduced glutamate-
induced nociception. Furthermore, when the A1 receptor an-
tagonist DPCPX was administered before CHA, it was able to
reduce the CHA-induced anti-nociceptive effects. Similarly,
the novel Al receptor agonist inosine reduced glutamate-
induced nociception, and its effect was in turn reduced by
DPCPX. We have previously demonstrated that inosine acts
as an adenosine A1l receptor agonist and that its anti-
nociceptive effect is blocked by Al receptor antagonists and
in adenosine Al receptor knockout mice [11, 12]. Results of
the current study extend the knowledge base on inosine’s anti-
nociceptive effects, suggesting that the effects observed after
intraperitoneal injection [11, 13], could be due, at least in part,
to its interaction with A1 receptors in the peripheral nociceptor
terminals. Our findings clearly indicate that activation of pe-
ripheral adenosine A1 receptors induces an anti-nociceptive
effect in a glutamate-induced nociceptive behavior.

Adenosine A2A receptors are expressed peripherally in
inflammatory and immune cells, but also in sensory nerve
endings [3, 23]. They are classical Gg-coupled receptors in
which intracellular signaling involves activation of cyclic
AMP/PKA [2, 23, 46]. The role of A2A receptors in
nociception processing has been ambiguous, although a broad
range of evidence suggests a peripheral pro-nociceptive action
[17,23-25, 30]. Our data show that previous administration of
the A2A receptor agonist CGS21680 was not able to reduce
glutamate-induced nociception; rather, at the highest dose test-
ed (1 pug/paw), it exacerbated the glutamate-induced nocicep-
tive behavior. The A2A receptor antagonist ZM241385 (20
pg/paw) given prior to glutamate did, however, present an
anti-nociceptive effect. These results suggest that peripheral
adenosine A2A receptors contribute in some fashion to
glutamate-induced nociception and that previous activation
of these receptors facilitates and increases nociception. To
confirm these findings, we administered ZM241385 (20 ng/
paw) to paws previously injected with CGS21680 and gluta-
mate. From this experiment, we determined that ZM241385
was able to counteract CGS21680 exacerbation of glutamate-
induced nociception, reducing the nociceptive behavior to
levels seen in the controls. Together, these results strongly
suggest that in the glutamate-induced pain model, the activa-
tion of peripheral adenosine A2A receptors plays a pro-
nociceptive role. Moreover, ZM241385 (10 ug/paw, a dose
that did not present an anti-nociceptive effect) did not reduce
the anti-nociceptive effects of inosine, suggesting that periph-
eral adenosine A2A receptors are not involved in peripheral
inosine anti-nociception.

Our results have demonstrated that peripheral adenosine
A2B receptors do not present anti- or pro-nociceptive effects
in a glutamate-induced nociceptive behavior. Similarly, nei-
ther DPMA, an A2B agonist, nor alloxazine, an A2B antago-
nist, promoted changes in nociceptive behavior at any of the
doses tested. Recent studies of adenosine A3 receptors have
demonstrated that their agonists exhibit anti-nociceptive ef-
fects, especially when administered systemically, spinally, or
supraspinally [19, 22, 50]. In our study, previous administra-
tion of different dosages of HEMADO (an A3 receptor ago-
nist) did not reduce glutamate-induced nociception. This sug-
gests that in this acute pain model, peripheral activation of
adenosine A3 receptors does not present an anti-nociceptive
effect.

Potential study limitations include the lack of blinding in the
experimental design. However, the interpretation of nociceptive
behavior in the glutamate-induced nociception is not subjective,
which will mitigate any experimenter bias. We also cannot rule
out the possibility that the effects of agonists, antagonists, and
inosine could have been due partly to their effects on the central
nervous system (CNS), although doses administered to the paw
are unlikely to reach the CNS in sufficient amounts to induce an
anti-nociceptive effect. Further, the adenosine receptor agonists
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and antagonists that we have used are highly selective for spe-
cific receptor subtypes. However, we have to consider the pos-
sibility that at the doses used in the present study, these agonists
and antagonists may also be activating or antagonizing receptor
subtypes for which they have very low affinity. We examined
dose-response relationships for all of the agents in order to
define a dose that could affect glutamate-induced nociceptive
behaviors. However, we cannot rule out the possibility of ef-
fects from different dosages, possibly larger than the ones we
tested. This may be particularly true for the agonists and antag-
onists that neither inhibited nor exacerbated glutamate-induced
nociception.

We have to highlight that we used animals from both sexes
in our study. It is clear that there is a difference in sensitivity,
interpretation, or pain threshold between sexes and a series of
studies corroborate this [S1-53]. Also, some studies found
male and female pain threshold differences when used gluta-
mate to induce pain behavior [54, 55]. However, these studies
used different animal species and tissues to induce pain in
comparison with our study. Further, even though there are
several hypotheses for this difference of pain perception
[56], also in many situations or pain models, this difference
is not observed or significant [56, 57] as in our present study.
Considering that in the present study we did not keep track
mice sex (male or female) during the experiments, we are not
able to conclude whether or not there are sex differences in the
effects of the adenosine receptor agonists and antagonists.

In conclusion, our results confirm that the activation of
peripheral adenosine Al receptors by classical agonists or
inosine presents an anti-nociceptive effect on a glutamate-
induced nociceptive behavior, suggesting that these receptors
may be an important peripheral target for analgesic drug de-
velopment. At the same time, our findings support those of
other studies suggesting that peripheral A2A receptor activa-
tion induces nociceptive behavior.
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