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Abstract

This study aimed to evaluate the effect of a single administration of IB-MECA, an A3 adenosine receptor agonist, upon the
nociceptive response and central biomarkers of rats submitted to chronic pain models. A total of 136 adult male Wistar rats were
divided into two protocols: (1) chronic inflammatory pain (CIP) using complete Freund’s adjuvant and (2) neuropathic pain (NP)
by chronic constriction injury of the sciatic nerve. Thermal and mechanical hyperalgesia was measured using von Frey (VF),
Randal-Selitto (RS), and hot plate (HP) tests. Rats were treated with a single dose of IB-MECA (0.5 umol/kg i.p.), a vehicle
(dimethyl sulfoxide—DMSO), or positive control (morphine, 5 mg/kg i.p.). Interleukin 1 (IL-1(3), brain-derived neurotrophic
factor (BDNF), and nerve growth factor (NGF) levels were measured in the brainstem and spinal cord using enzyme-linked
immunosorbent assay (ELISA). The establishment of the chronic pain (CIP or NP) model was observed 14 days after induction
by a decreased nociceptive threshold in all three tests (GEE, P < 0.05). The antinociceptive effect of a single dose of IB-MECA
was observed in both chronic pain models, but this was more effective in NP model. There was an increase in IL-1(3 levels
promoted by CIP. NP model promoted increase in the brainstem BDNF levels, which was reversed by IB-MECA
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methyluronamide (IB-MECA), a selective agonist for A;AR
[8]. In acute models of pain, intrathecal administration of IB-
MECA can suppress the nociceptive response in the late phase
of the formalin test in mice, supporting the involvement of
A3AR in the nociception process [9]. Preclinical studies have
demonstrated that IB-MECA is effective in the prevention and
treatment of neuropathic pain induced by different chemother-
apeutic agents [10, 11]. Although recent studies have shown
that A3AR agonists can produce antinociceptive effects, the
mechanisms triggered by this activation are still not clear [5,
10].

Different neurotransmitter systems are involved in pain
transmission and modulation. Excessive and sustained inflam-
matory responses in the peripheral and central nervous sys-
tems have been associated with the initiation and maintenance
of persistent pain [12]. The cytokine cascade is implicated in
the peripheral and central sensitization of persistent pain, with
an interaction between glial, immune, and neuronal cells [13,
14]. The role of IL-1f3 in pain conditions has been studied
from different perspectives, mainly because it is involved in
the modulation of the supraspinal circuitry of pain as well as a
potential target for pain relief [15-17].

In addition, neurotrophins seem to contribute to the patho-
genesis of chronic pain through brain-derived neurotrophic
factor (BDNF) and nerve growth factor (NGF), which play
key roles in peripheral and central sensitization [18]. NGF is
reported as a peripheral pain mediator, and it is upregulated in
inflammatory states, while BDNF acts as a modulator of pain
in central sites, and is released when nociceptors are activated
[19]. In this way, both are implicated in the pathogenesis and
maintenance of chronic pain conditions.

Considering the high prevalence of chronic pain in the
general population and the lack of effective pharmacological
treatments, this study aimed to investigate the effect of IB-
MECA on the nociceptive and neurochemical responses of
rats subjected to two chronic pain models.

Material and methods
Animals

A total of 136 adult male Wistar rats (55-65 days old; weight
200-250 g) were used. The number of animals required for the
behavioral experiments and biochemical analysis was calcu-
lated as 8 rats per group, considering a difference of 1.5 stan-
dard deviations between the variables and a=0.05 [20-22].
The rats were housed in groups of three in a polypropylene
cage (49 cm x 34 cm x 16 cm) with sawdust-covered flooring.
The rats were maintained in a controlled environment (22 +
2 °C) under a standard light-dark cycle (lights on at 7 a.m. and
lights-off at 7 p.m.), with ad libitum water and chow (Nuvital,
Porto Alegre, Brazil). All experiments and procedures were
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approved by the Institutional Animal Care and Use
Committee (GPPG-HCPA protocol no. 150530 and no.
2018-0377), and performed in accordance with the Guide
for the Care and Use of Laboratory Animals, 8th ed. The
experimental protocols complied with the ethical and method-
ological standards of the ARRIVE guidelines [23].

Experimental design

The rats were acclimated to the maintenance room for 2 weeks
before the experiments. The rats were randomized by weight
and paw withdrawal latency. Paw withdrawal latency was
measured using the hot plate test to ensure that all rats had
similar nociceptive behavior. The rats were divided into two
experimental designs according to the pain model:

—  Protocol 1. Rats were subjected to the chronic inflamma-
tory pain (CIP) model and were subdivided into eight
groups (eight animals per group): control, control + vehi-
cle, control + morphine, control + IB-MECA treatment,
pain, pain + vehicle, pain + morphine, and pain + IB-
MECA treatment.

—  Protocol 2. Rats were subjected to the chronic neuropath-
ic pain (NP) model and were divided into nine groups:
control, sham, sham + vehicle, sham + morphine, sham +
IB-MECA treatment, pain, pain + vehicle pain, pain +
morphine, and pain + IB-MECA treatment.

For both protocols, Randall-Selitto, von Frey, and hot plate
tests were performed at baseline and 14 days after the induc-
tion of the CIP or NP models and 30 min after treatment with a
single dose of the vehicle, morphine, or IB-MECA. The hot
plate test was repeated 30, 60, and 90 min after treatment. The
rats were killed 6 h after the treatment. The spinal cord and
brainstem were collected for further analysis of Interleukin 13
(IL-18), Brain-Derived Neurotrophic Factor (BDNF), and
Neuronal Growth Factor (NGF) levels. For all procedures
(nociceptive and neurochemical assays), investigators were
blinded to avoid and prevent bias (Fig. 1).

Chronic inflammation pain model

Chronic inflammation was induced as previously described by
Laste et al. [24], using complete Freund’ s adjuvant (CFA),
which consists of heat-killed Mycobacterium tuberculosis in
non-metabolizable oils (paraffin oil and mannide
monooleate). In short, rats were anesthetized with isoflurane
(5% for induction, 2.5% for maintenance), and placed in a
dorsal position. A single intradermal injection of 100 ul of
CFA diluted in 1 mg/mL of saline solution was administered
to the left footpad [24]. All animals that underwent CFA in-
jection received tramadol (5 mg/kg) intraperitoneally for
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Fig. 1 Timeline of experimental design

immediate analgesia as well as every 12 h for 2 days [25]. The
control group did not undergo any intervention.

Neuropathic pain model

Neuropathic pain was induced as previously described by
Bennett and Xie [26] and adapted by Cioato et al. [27] using
chronic constriction injury (CCI) of the sciatic nerve. Rats
were anesthetized with isoflurane (5% for induction, 2.5%
maintenance) and placed in a dorsal position for the trichoto-
my of the left thigh and skin antisepsis with 2% iodine alco-
hol. After skin incision of the left hind limb, the common
sciatic nerve was exposed, and three ligatures were tied
(Vyecril 4.0) separated by an interval of 1 mm. The length of
the affected nerve was approximately 5.0 mm, and the liga-
tures reduced the diameter of the nerve but did not interrupt
the epineural circulation. The same investigator performed the
ligatures in all rats to ensure an equal level of constriction. The
skin was sutured using a Mononylon 4.0 thread. The sham
groups were anesthetized and exposed to the sciatic nerve.
After surgery and anesthetic recovery, the animals were
allowed in their home cages where they remained until they
were killed. All rats subjected to CCI received tramadol
5 mg/kg intraperitoneally for immediate analgesia as well as
every 12 h for 2 days [25]. The control group did not undergo
anesthesia or any surgical procedure.

Pharmacological treatment

The rats in the treatment groups received a selective adenosine
A3 receptor agonist, N6-(3-iodobenzyl) adenosine-5'-
methyluronamide (IB-MECA) dissolved in 3% dimethyl sulf-
oxide (DMSO) and applied by intraperitoneal (i.p.) injection.
The treatment consisted of a single dose of 0.5 wmol/kg of IB-

A
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Tests Animal death
von Frey Tissue collection
Randall Selitto
Hot Plate

MECA (i.p.) [10]. Rats in the vehicle groups received a single
dose of DMSO dissolved 3% in saline solution (i.p.). The
positive control group received one dose of morphine
5 mg/kg (i.p.) as the gold standard for analgesia [28].

Von Frey test

Mechanical allodynia was assessed using von Frey
aesthesiometer (Insight, Sao Paulo, Brazil) as described by
Cioato et al. (2016) at baseline and 14 days after pain induc-
tion, and 30 min after the treatment with IB-MECA.. Rats were
habituated to cages for 10 min, 24 h prior to the test, and 5 min
daily before tests to prevent novelty-induced analgesia by the
apparatus. For testing, a polypropylene tip was inserted per-
pendicularly from underneath the floor grid and applied to the
plantar side of the left hind paw with a gradually increasing
pressure. The intensity of the stimulus supported up to the paw
withdrawal in grams was automatically recorded. Three suc-
cessive readings were measured between interval periods of
5 s and averaged. The average was used as the final measure-
ment, and the paw withdrawal threshold was expressed in
grams [29].

Randall-Selitto test

The Randall-Selitto test was performed at baseline and 14 days
after pain induction, and 30 min after the treatment with IB-
MECA. The rats were subjected to mechanical stimuli to de-
termine the paw withdrawal threshold [30]. For mechanical
stimulation, an Analgesymeter (type 7200, Ugo-Basile
Biological Research, Comerio-Varese, Italy), which gradually
increases the pressure, was applied to the dorsal surface of the
left rat paw. The nociceptive threshold was defined as the
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Fig. 2 Mechanical hyperalgesia
by von Frey test in rats subjected
to CIP (n=7-8 per group). Data
presented as mean = S.E.M of
paw withdrawal threshold in
grams. (a) Significant difference
between pain, pain + vehicle, pain
+ morphine, and pain + IB-
MECA from all other groups
(GEE, P<0.05) and (b) signifi-
cant difference between pain and
pain + vehicle from all other
groups (GEE, P <0.05)
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force in grams that resulted in the withdrawal of the hind paw.
A cutoff value of 100 g was used.

Hot plate test

The hot plate (HP) test was carried out at baseline and
14 days after pain induction to confirm the effectiveness
of the pain model, and 30, 60, and 90 min after treatment
with IB-MECA to assess the effects on the thermal noci-
ceptive threshold. The hot plate test determines changes in
the latency of behaviors such as jumping and hind paw-
licking as indicators of modifications of the supraspinal
pain process, considering the results of supraspinal senso-
ry integration [31-34]. All rats were exposed to the HP
for 5 min, 24 h prior to testing in order to avoid analgesia
induced by the novelty of the apparatus [35]. The surface
of the HP was pre-heated and maintained at a constant
temperature of 55+0.1 °C. As described previously by
Cioato et al., rats were placed inside glass funnels on

Fig. 3 Mechanical hyperalgesia
by Randall-Selitto test in rats
subjected to CIP (n=7-8 per
group). Data presented as mean +
S.E.M of paw withdrawal thresh-
old in grams. (a) Significant dif-
ference between pain, pain + ve-
hicle, pain + morphine, and pain +
IB-MECA groups from all other
groups (GEE, P <0.05); (b) sig-
nificant difference between pain,
pain + vehicle, pain + morphine,
and IB-MECA from all other
groups (GEE, P <0.05); and (c)

40+
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Paw withdrawal threshold (g)

10+

30 min
after
treatment

14 days
after
surgery

Timepoints

the heated surface and the time in seconds between the
placement of the rat and the first response (foot-licking,
jumping, or rapidly removing paws) was recorded as the
latency of nociceptive response. The cutoff time was 20 s
to prevent tissue damage [27].

Tissue collection

Six hours after treatment with IB-MECA, the rats were
killed by decapitation. Their brainstems and spinal cords
were collected, and stored at —80 °C until the assays
were performed.

Neurochemical assays

For ELISA assays, the structures were homogenized with
protein inhibitor cocktail (#P8340, Sigma-Aldrich) in a
volume of 1 mL for each structure. The tissue homogeni-
zation was made using tissue homogenization equipment

Randall Selitto Test
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-©- Control + Vehicle
<©- Control + Morphine
-©- Control + IB-MECA
& Pain

-8 Pain + Vehicle

-8 Pain + Morphine
-8 Pain +IB-MECA

significant difference between
pain and pain + vehicle from other
groups (GEE, P <0.05)
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Fig.4 Thermal hyperalgesia by hot plate test in rats subjected to CIP (n =
7-8 per group). Data presented as mean + S.E.M of latency in seconds. (a)
Significant difference between pain, pain + vehicle, pain + morphine and
pain + IB-MECA from all other groups (GEE, P <0.05); (b) significant
difference between pain, pain + vehicle and pain + IB-MECA from con-
trol + morphine groups (GEE, P <0.05); (c) significant difference be-
tween control, control + vehicle, control + IB-MECA from control +
morphine, pain, and pain + vehicle groups (GEE, P<0.05); (d)

(Jetta-G50, LabHouse) at 4000 rpm. The sample was cen-
trifuged at 10,000 rpm in a refrigerated centrifuge, and the
supernatant was aliquoted for further ELISA analysis. The
brainstem and spinal cord IL-1{3, BDNF, and NGF levels
were determined by sandwich enzyme-linked immunosor-
bent assay (ELISA) using monoclonal antibodies for IL-
13, BDNF, and NGF (R&D Systems, Minneapolis, USA).
Procedures were performed in accordance with the manu-
facturer’s protocol. Optical density was measured using a
spectrophotometer at a wavelength of 450 nm. Data were
expressed in picograms per milligram of protein. Total
protein was measured using the Bradford assay and bo-
vine serum albumin as a standard curve [36].

Statistical analysis

Data are expressed as mean + standard error of the mean
(SEM). A P value of less than 0.05 was considered sta-
tistically significant. The statistical analysis was per-
formed using the Statistical Package for the Social
Sciences (SPSS) version 20.0 for Windows. Generalized
estimated equations followed by the Bonferroni was used
to analyze nociceptive repeated-measures data with one
within- subjects factor (time-point), and two between-
subjects factors (pain model and treatment) [37]. A one-
way analysis of variance (ANOVA) followed by
Bonferroni was used to compare the neurochemical data
across groups after treatment.

significant difference between pain and pain + vehicle from pain + IB-
MECA group (GEE, P < 0.05); (e) significant difference between control
+ morphine from all other groups (GEE, P <0.05); (f) significant differ-
ence between pain, pain + vehicle, pain + morphine and pain + IB-MECA
from control, control + vehicle and control + IB-MECA groups (GEE,
P <0.05); and (g) significant difference between pain, pain + vehicle,
pain + morphine and pain + IB-MECA from all other groups (GEE,
P<0.05)

Results
Protocol 1: CFA inflammatory chronic pain model

Effects of a single administration of IB-MECA in mechanical
and thermal hyperalgesia in rats subjected to the CFA
inflammatory chronic pain model

To confirm the establishment of the chronic inflammatory
pain model, the nociceptive response was evaluated using
the GEE analysis for all three nociceptive tests. There was
no difference between the groups at baseline in terms of me-
chanical and thermal latency withdrawal evaluated by the von
Frey, Randall-Selitto, and hot plate tests (Figs. 2, 3, and 4).
However, on the fourteenth day after the CFA injection, these
animals presented decreased latency withdrawal in all three
tests performed when compared to the control group (GEE/
Bonferroni, Wald x> =182.363, Wald x* = 362.634, Wald
x° =444.092, respectively, and P < 0.001 for all).

When assessed 30 min after the IB-MECA injection,
the mechanical hyperalgesia induced by chronic inflam-
matory pain evaluated through the von Frey test was
reversed by a single dose of IB-MECA and an injection
of morphine (Fig. 2). Otherwise, when evaluated using
the Randall-Selitto test, mechanical hyperalgesia was
partially reversed by IB-MECA or morphine injection
(Fig. 3).

The thermal latency withdrawal was evaluated 30, 60,
and 90 min after the IB-MECA injection. A complete
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Fig. 5 Effects of single administration of IB-MECA on IL-1f3 levels in
rats subjected to CIP. a IL-1§3 levels in brainstem. Asterisk indicates
significant difference between control + IB-MECA from all other groups
(one-way ANOV A/Bonferroni, P<0.05). b IL-1f3 levels in spinal cord.
Asterisk indicates significant difference between pain, pain + vehicle,
pain + morphine and pain + IB-MECA from all other groups (one-way
ANOVA/Bonferroni, P < 0.05)

reversal of hyperalgesia induced by the chronic inflam-
matory model using IB-MECA or morphine was ob-
served at 30 min. This effect was not maintained in
the other two time points evaluated. In addition, the
control + morphine group presented increased latency
30 and 60 min after injection (Fig. 4).

Effects of a single administration of IB-MECA on biomarker
levels in the spinal cord and brainstem of rats subjected
to the CFA inflammatory chronic pain model

In the brainstem, there was an increase in the IL-1§3

levels in the control + IB-MECA group when compared
to all other groups (one-way ANOVA, F(7. 44y=4.348,
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Fig. 6 Effects of single administration of IB-MECA on BDNF levels in
rats subjected to CIP. a BDNF levels in brainstem. No significant differ-
ence between groups (one-way ANOVA/Bonferroni, 2> 0.05). b BDNF
levels in spinal cord. No significant difference between groups (one-way
ANOVA/Bonferroni, P> 0.05)

P=0.001) (Fig. 5a). However, in the spinal cord, a
decrease in the IL-1f3 levels was observed in pain, pain
plus vehicle, pain plus morphine, and pain plus IB-
MECA groups when compared with the control group
(one—way ANOVA, F(7, 45) = 19770, P:OOOI) (Flg
5b).

There was no difference in the BDNF levels in the
brainstem (one-way ANOVA, F(7, 43,=0.949, P>0.05)
and spinal cord (one-way ANOVA, F7 45=1.561,
P>0.05) (Fig. 6a, b). There was no difference in the NGF
levels in the brainstem (one-way ANOVA, F(7, 44y=0.871,
P >0.05) and spinal cord (one-way ANOVA, F(7. 45, =
0.702, P>0.05) (Fig. 7a, b).
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Fig. 7 Effects of single administration of IB-MECA on NGF levels in
rats subjected to CIP. a NGF levels in brainstem. No significant differ-
ence between groups (one-way ANOVA/Bonferroni, P> 0.05). b NGF
levels in spinal cord. No significant difference between groups (one-way
ANOVA/Bonferroni, P> 0.05)

Fig. 8 Mechanical hyperalgesia
by von Frey test in rats subjected
to NP (n="7-8 per group). Data
presented as mean = S.E.M of
paw withdrawal threshold in
grams. (a) Significant difference
between pain, pain + vehicle, pain
+ morphine, and pain + IB-
MECA from all other groups
(GEE, P<0.05). (b) Significant
difference between pain + IB-
MECA from all other groups
(GEE, P<0.05). (c) Significant
difference between pain and pain

100+

Paw withdrawal threshold (g)

Protocol 2: Chronic neuropathic pain model

Effect of a single administration of IB-MECA in mechanical
and thermal hyperalgesia in rats subjected to the neuropathic
chronic pain model

To confirm the establishment of the neuropathic pain model,
the nociceptive response was evaluated using the GEE analy-
sis for all three nociceptive tests. There was no difference
between the groups at the baseline time of mechanical and
thermal latency withdrawal evaluated in the von Frey,
Randall-Selitto, and hot plate tests (Figs. 8, 9, and 10).
However, on the fourteenth day after the CCI model, these
animals presented decreased latency withdrawal in all three
tests performed when compared to the control group (GEE/
Bonferroni, Wald y?=356,832, Wald y* = 193,656, Wald
X2 =73,064, respectively, and P < 0.001 for all).

When the mechanical hyperalgesia in the Randall-Selitto
test was analyzed, IB-MECA was able to completely reverse
the nociceptive behavior induced by chronic constriction of
the sciatic nerve 30 min after its administration. In addition, as
expected, the sham group that received morphine showed an
analgesic response in the Randall-Selitto test in comparison
with other groups, including the morphine treated group
(Fig. 9). A similar result was found upon mechanical
hyperalgesia assessed by the von Frey test. However, IB-
MECA partially reversed the hyperalgesia induced by CCI
when compared with the pain groups untreated or treated with
a vehicle (Fig. 8).

In relation to thermal hyperalgesia, our results showed that
IB-MECA was able to partially reverse the decrease in latency
to the nociceptive response induced neuropathic pain condi-
tions 30 min after injection. This effect persisted until 60 and
90 min after the administration. We also showed that mor-
phine was able to induce analgesia in the sham and pain
groups, and its effects were observed 30 and 60 min after
administration (Fig. 10).

Von Frey Test
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-8 Pain + Vehicle
-8 Pain + Morphine
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c

+ vehicle from all other groups
(GEE, P<0.05)
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30 min
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treatment

Timepoints
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Fig. 9 Mechanical hyperalgesia
by Randall-Selitto test in rats
subjected to NP (n="7-8 per
group). Data presented as mean +
S.E.M of paw withdrawal thresh-
old in grams. (a) Significant dif-
ference between pain, pain + ve-
hicle, pain + morphine, and pain +
IB-MECA from all other groups
(GEE, P<0.05). (b) Significant
difference between pain and pain
+ vehicle from other groups
(GEE, P<0.05)
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Effect of a single administration of IB-MECA on the biomarker
levels in the brainstem and spinal cord of rats subjected
to the neuropathic chronic pain model

There was no difference in the IL-13 brainstem and spinal
cord levels (one-way ANOVA, F(g ¢2)=1.245 and F(g 62 =
1.215, respectively, P> 0.05) (Fig. 11). Regarding the BDNF
levels, there was no difference in the spinal cord (one-way
ANOVA, Fg, ¢2y=0.647, respectively, P>0.05) (Fig. 12a).
In the brainstem, an increased level of this neurotrophin was
observed in the sham group treated with IB-MECA and the
pain group and pain groups treated with a vehicle and mor-
phine when compared with the sham group (one-way

30 min
after
treatment

14 days
after
surgery

Timepoints

ANOVA, Fs ¢=2.060, P<0.05) (Fig. 12b). We did not
observe any statistical difference in the NGF levels in the
brainstem or spinal cord (one-way ANOVA, Fg ¢,,=1.458
and Fg_¢2)=1.045, respectively, P> 0.05) (Fig. 13a and b).

Discussion

In this study, we showed the antinociceptive effect of a single
administration of IB-MECA in well-established chronic pain
models (inflammatory and neuropathic pain). However, this
was more effective in the NP model. Interestingly, only the
CIP model promoted a decrease in the spinal cord IL-1f3

Hot Plate Test
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Fig. 10 Thermal hyperalgesia by hot plate test in rats subjected to NP
(n="7-8 per group). Data presented as mean+S.E.M of latency in
seconds. (a) Significant difference between: control, sham, sham + vehi-
cle, and sham + morphine groups from all other groups (GEE,P < 0.05).
(b) Significant difference between pain + morphine and pain + IB-MECA
from all other groups group (GEE, P < 0.05). (¢) Significant difference of
pain + IB-MECA group from other groups (GEE, P<0.05). (d)
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Significant difference of pain and pain + vehicle from other groups
(GEE, P<0.05). (e) Significant difference between sham + morphine
and sham from sham + vehicle, sham + IB-MECA, pain, pain + vehicle,
and pain + IB-MECA groups (GEE, P <0.05). (f) Significant difference
between pain, pain + vehicle, and pain + IB-MECA from other groups
(GEE, P<0.05). (g) Significant difference between pain and pain + ve-
hicle from all other groups (GEE, P <0.05)
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Fig. 11 Effects of single administration of IB-MECA on IL-1f3 levels in
rats subjected to NP. a IL-1f3 levels in brainstem. There was not signif-
icant difference between groups (one-way ANOVA/Bonferroni,
P>0.05). b IL-1f levels in spinal cord. There was not significant differ-
ence between groups (one-way ANOVA/Bonferroni, P> 0.05)

levels. On the other hand, only NP increased the brainstem
BDNF levels, which was reversed by IB-MECA. The
antinociceptive effect linked to A3AR presented supraspinal
and spinal components, despite the authors describing the in-
volvement of A3;AR in a pronociceptive response [38, 39].
Thus, efforts were made to comprehend the involvement of
A3AR in the transmission or modulation of nociception.

Our findings regarding the use of IB-MECA for treating
chronic pain corroborate previous preclinical studies that
showed that it reduced pain in a CCI model and
chemotherapy-related pain in rats [10]. However, our results
in the inflammatory pain model contrast with a previous study
that showed that A3AR activation did not alter nociceptive
thresholds in non-neuropathic animal models, and resulted in
the selective relief of persistent neuropathic pain [40].
Adenosine Aj receptors seem to have complex effects on the
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Fig. 12 Effect of single administration of IB-MECA on BDNF levels in
rats subjected to NP. a BDNF levels in brainstem. Asterisk indicates
significant difference between sham + IB-MECA, pain, pain + vehicle
and pain + morphine from sham group (one-way ANOV A/Bonferroni,
P <0.05). b BDNF levels in spinal cord. There was not significant dif-
ference between groups (one-way ANOV A/Bonferroni, P> 0.05)

central nervous system, with both pro-inflammatory and anti-
inflammatory roles [41]. Diverse mechanisms have been in-
vestigated from Aj; activation for its effects on the inflamma-
tory process [42—44].

In this way, IB-MECA has been studied as a potential
pharmacological treatment for neuropathic pain [10, 11, 40,
45, 46] and inflammatory conditions [47—49]. It has been
shown to be a more selective agonist for the A; adenosine
receptor rather than for A; and A, adenosine receptors [50].
Evidence demonstrates the influence of A3 receptors in rheu-
matoid arthritis, Crohn’s disease, and psoriasis, with a direct
role in inflammation [51]. Different mechanisms have been
proposed. For example, it attenuates neuropathic pain by sup-
pressing microglial activation in tibial nerve injury [45]. In
addition, IB-MECA alleviated mechanical hyperalgesia and
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Fig. 13 Effect of single administration of IB-MECA on NGF levels in
rats subjected to NP. a NGF levels in brainstem. There was not significant
difference between groups (one-way ANOVA/Bonferroni, P> 0.05). b
NGF levels in spinal cord. There was not significant difference between
groups (one-way ANOVA/Bonferroni, P> 0.05)

thermal hypoalgesia in mice with diabetes induced by
streptozotocin injection by inhibiting the activation of nuclear
factor-«B, thereby decreasing the generation of tumor necro-
sis factor-o¢ (TNF-) [52]. In addition, it prevented the estab-
lishment of neuropathic pain induced by CCI in rodents [10].
Previous studies have suggested that A;AR is expressed in
astrocytes and microglia [53]. It is known that these cells are
closely involved in the initiation or perpetuation of neuropath-
ic pain [45, 53, 54]. In this context, we have suggested that the
analgesic effect of IB-MECA in the hypernociceptive behav-
ior of rats may be due to BDNF in the NP model.

It is well reported that BDNF acts by modulating spinal and
supraspinal levels through fast excitatory and inhibitory sig-
nals mediated by the glutamatergic and GABAergic systems,
respectively, [55]. A study by Coull and colleagues showed
the crucial involvement of BDNF as a signaling molecule
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between microglia and neurons, and the blockade of this path-
way can be a new strategy to treat neuropathic pain [56]. In
addition, the activation of Aj receptors could attenuate
microglial activation, which involves a decrease in BDNF
release and contributes to the restoration of GABA signaling
in the spinal dorsal horn [45]. This theory can explain the
decreased levels of BDNF induced by IB-MECA found in this
study. However, it is necessary to assess the GABA levels and
other markers involved in this signaling cascade to confirm
this hypothesis.

Preclinical studies have shown that IB-MECA exerts its
analgesic effects upon neuropathic pain induced by paclitaxel,
inhibiting nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase in the spinal cord [10, 11]. This process
prevents the activation of NF-kB, mitogen-activated protein
kinases (MAPKs), extracellular signal-regulated kinase
(ERK), and p38, which are associated with decreased produc-
tion of pro-inflammatory cytokines, such as TNF-o¢ and IL-
13, while also increasing the production of anti-inflammatory
cytokines, such as IL-10 [11, 57, 58]. However, in the present
study, we showed that treatment with IB-MECA increased IL-
13 levels in the control group when compared to all other
groups but had no effect in the pain group. It is important to
highlight that an injection of CFA in the hind paw of rats has
been reported to increase local levels of IL-13 when evaluated
acutely after induction of this pain model as well as a study by
our research group [59-61]. Interestingly, in the current study,
a CIP model decreased the spinal cord levels of IL-13. A
preclinical study described pro-inflammatory cytokine pro-
duction induced by a CFA model in the central structures of
rats [62]. Another study reported that IL-1 receptors are
overexpressed in neurons in the spinal dorsal horn of rats
subjected to the same inflammatory pain model [63].
Furthermore, this result agrees with the theory of glial involve-
ment in the establishment and maintenance of pain conditions.
However, more studies are needed to clarify the involvement
of central cytokines and glial structures in inflammatory pain.

The current study has several limitations. First, we tested
the analgesic effect of the acute administration of IB-MECA
in chronic pain. However, we consider this to be the first step
before repeated administrations. Second, we could not evalu-
ate hormonal interference because our results are only from
male adult rats. Third, it is possible that the rats habituated to
the Hot Plates test, as the rats from the control group presented
decreased latency during the time assessment [64].

Conclusions

In summary, IB-MECA represents a potential therapeutic tar-
get in chronic pain conditions, independent of its pathophys-
iology, once it has relieved the hypernociceptive behavior
induced by the CCI and CFA models in rats. The analgesic
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effect of IB-MECA can be linked with the modulation of the
brainstem BDNF levels only in the NP model. Further studies
are needed for a better understanding of the mechanisms re-
lated to the antinociceptive effects of IB-MECA in chronic
pain, especially in relation to inflammatory and neuropathic
pain.
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