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Abstract

Background: This study assessed the effects of an acute stress model upon the long-
term hyperalgesia induced by repeated morphine administration in neonatal rats. We
also evaluated neurotrophins and cytokines levels; expressions of adenosine and ace-
tylcholine receptors, and acetylcholinesterase enzyme at the spinal cord.

Material and methods: Male Wistar rats were subjected to morphine or saline ad-
ministration from P8 to P14. Thermal hyperalgesia and mechanical hyperesthesia
were assessed using the hot plate (HP) and von Frey (VF) tests, respectively, at post-
natal day P30 and P60. After baseline measurements, rats were subjected to a single
exercise session, as an acute stress model, at P30 or P60. We measured the levels of
BDNF and NGF, interleukin-6, and IL-10 in the cerebral cortex and the brainstem;
and the expression levels of adenosine and muscarinic receptors, as well as acetyl-
cholinesterase (AChE) enzyme at the spinal cord.

Results: A stress exercise session was not able to revert the morphine-induced hy-
peralgesia. The morphine and exercise association in rats induced a decrease in the
neurotrophins brainstem levels, and A, A,,, A, receptors expression in the spinal
cord, and an increase in the IL-6 cortical levels. The exercise reduced M2 receptors

expression in the spinal cord of naive rats, while morphine prevented this effect.
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1 | INTRODUCTION

Morphine-induced hyperalgesia has been investigated in
pre-clinical and clinical settings and involves several mech-
anisms, including opioidergic (Roeckel et al., 2017) and
non-opioidergic signaling (Holtman & Wala, 2005; Rozisky,
2016, 2011). These changes imply an altered neurochemistry
signaling, to impaired firing pattern between afferent neurons
and descending modulation pathways in important centers to
control nociceptive information (Chu, Zheng, Loh, & Law,
2008; DuPen, Shen, & Ersek, 2007; Juif et al., 2016). Overall,
it can trigger a modulation in physiological responses, mainly
in neonates, once their immature nociceptive system is devel-
oping (Fitzgerald, 2005).

Our previous studies reinforce such findings, the neo-
natal morphine exposure induces long-term changes in
nociceptive pathways, promoting hyperalgesia in the
formalin test (Rozisky, 2016, 2011), thermal hyperalge-
sia, mechanical allodynia and hyperalgesia in adult life
(Nunes et al., 2017), and changes the morphine response
in adult life (Rozisky et al., 2008). Also, repeated mor-
phine exposure during neonatal life decreased brain-de-
rived-neurotrophic factor (BDNF) and neurotrophic growth
factor (NGF) levels in the cerebral cortex of rats (Nunes
et al., 2017). Proinflammatory cytokine expression, such
as interleukin (IL)-1p, IL-6, and tumor necrosis factor-o
(TNF-a), were up-regulated in the spinal cord of rats after
chronic morphine treatment, as well as the BDNF levels
(Ferrini et al., 2013).

Evidence suggests that a single session of exercise can
elicit acute stress responses in the body (Hackney, 2006),
as stress-induced analgesia (SIA). SIA refers to a reduced
nociceptive response after acute stress exposure; which
is mediated by descending pain-inhibitory circuits and
may be an indicator of adequate centrally mediated pain
control (Jennings, Okine, Roche, & Finn, 2014). The
benefits of exercise on the nociceptive response were char-
acterized by the involvement of the opioid system (Hoeger
Bement & Sluka, 2005; Koltyn, 2000; Stagg et al., 2011).
Furthermore, some studies also described the role of ex-
ercise upon different neurotransmitters, e.g., adenosin-
ergic (Sawynok, 2016), and muscarinic systems (Heo
et al., 2014).
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Conclusions: Single session of exercise does not revert hyperalgesia induced by
morphine in rats; however, morphine plus exercise modulate neurotrophins, IL-6

central levels, and expression of adenosine receptors.

adenosine receptors, biomarkers, exercise, hyperalgesia, morphine, neonate rats

Considering all exposed before, the aim of this study was
to determine the effects of a single exercise session, as an
acute stress model, upon the hyperalgesia induced by neona-
tal morphine exposure indexed by the thermal and mechani-
cal nociceptive response at P30 and P60 in rats. Additionally,
we assessed neurotrophic factors (BDNF and NGF), and cy-
tokines (IL-6 and IL-10) in the cerebral cortex and brainstem
levels (at P32 and P62), and the spinal cord expressions of
Ay, Ayp, Asg, and A; adenosine receptors, M2 acetylcholine
receptor, and of acetylcholinesterase enzyme (P62).

2 | MATERIALS AND METHODS
Male Wistar rats (n = 62; at P8) were divided into two
groups: saline-control and morphine, and housed in polypro-
pylene cages (49 cm X 34 cm X 16 cm) with sawdust-covered
flooring in a controlled environment (22 + 2°C; 12/12 hr
light—dark cycle; water and chow ad libitum). At birth, lit-
ters were culled to eight pups per dam (Rozisky et al., 2008,
2013), and were weaned at 21 days of age. Only the males
were assessed in the study. All experiments were approved
by the Institutional Animal Care and Use Committee (proto-
col No. 140425) and met the ARRIVE guidelines (Kilkenny
& Altman, 2010).

2.1 | Pharmacological treatment

Each rat received saline (control group) or morphine
(5 pg, s.c. in the mid-scapular area) (Rozisky et al., 2008,
2013). One milliliter of morphine sulphate (Dimorf® 10 mg/
ml, purchased from Cristélia; Brazil) was diluted in 9 ml of
0.9% NaCl (saline) daily.

2.2 | Exercise protocol

At P30 or P60, rats were exposed to a single exercise session,
as an acute stress model, which consisted of running on a
rats' treadmill at a moderate intensity (12 m/min for 20 min).
The rats were put in the treadmill turned off for 5 min during
three days before the test day (Brust, Corbell, Al-Nakkash,



638 INTERNATIONAL JOURNAL OF
WILEY—

DEVELOPMENTAL NEUROSCIENCE

Babu, & Broderick, 2014), and no electric shock or physical
stimulus was used.

2.3 | Experimental design

From P8 to P14, male pups rats received morphine or sa-
line. After baseline nociceptive measurements, rats were
subjected to a single session of exercise at P30 or P60 or sed-
entary. Thermal hyperalgesia was assessed by hot plate test:
baseline (P30 or P60), 1 and 24 hr after exercise. Mechanical
hyperesthesia was assessed using von Frey (VF) test: baseline
(P30 or P60), and 24 hr after the exercise session (P31 or
P61). Rats were euthanized by decapitation at 24 hr after the
last behavioral measurements, at P32 or P62, for structures
collection (Figure 1).

2.4 | von Frey test

Mechanical hyperesthesia was assessed as previously de-
scribed (Cioato et al., 2016). The intensity of the stimulus
supported up to paw withdrawal, in grams (s), was automati-
cally recorded. Three successive recordings were measured
between interval periods of 5 s and averaged. The averages
were used as the final measurements and were expressed in

grams (g).

2.5 | Hot plate test

Thermal hyperalgesia was assessed as described (Woolfe &
Macdonald, 1944). The time in seconds between the place-
ment of the rat and the first response (foot licking, jumping,
or rapidly removing paws) was recorded as the latency of
nociceptive response. The cut-off time was 20 s to avoid tis-
sue damage.

2.6 | Tissue collection

The rats were killed at P32 and P62. The tissues (cerebral
cortex and brainstem) were collected and frozen at —80°C.
For PCR, the spinal cord was removed, immersed in QIAzol,
and snapped frozen for posterior analysis at P62.

@ &
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Morphine or saline
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FIGURE 1
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2.7 | Neurochemical assays

Sandwich Enzyme-Linked Immunosorbent Assay (ELISA)
for quantifying IL-6, IL-10, BDNF, and NGF levels on
the cerebral cortex and brainstem were performed using
monoclonal antibodies specific (R&D Systems, United
States). The data were expressed in pg/mg of protein
(Bradford, 1976).

2.8 | RT-PCR and qPCR assays

Total RNA the spinal cord was isolated with QIAzol Lysis
Reagent in accordance with the manufacturer's instruc-
tions. The cDNA was synthesized with SuperScript® III
(Invitrogen—Life Technologies™) from 1ug of total RNA
in a final volume of 20 ul with an oligodT primer in accord-
ance with the manufacturer's instructions. The specific prim-
ers used for qPCR are described in Table 1. All experiments
were performed in triplicate. The melting curve and standard
curves were measured for each primer set and cDNA sample
in order to verify reaction efficiency.

2.9 | Statistical analysis

Two-way mixed ANOVA followed by Bonferroni was used
for nociceptive tests (morphine and exercise). Three-way
ANOVA/Bonferroni was performed to compare neurochemi-
cal levels between groups, considering age, morphine, and ex-
ercise. Expression levels were analyzed by one-way ANOVA/
Tukey test. The data were expressed as the mean + standard
error of the mean (S.E.M) and considered significant at
p < .05. SPSS 20.0 for Windows was used.

3 | RESULTS

3.1 | Thermal hyperalgesia

There was an interaction between time and exercise (two-way
mixed ANOVA/Bonferroni, p < .05, F, 56 = 7.769, n = 8,
Figure 2a) at P30; the exercise decreased the paw withdrawal
latency 24 hr after exercise in relation to previous measures.
In addition, there was an interaction between morphine and

L=

P30 . . P31 .. P32

S Lo

P60 . . P61 . . P62

Experimental design [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Primer sequences

Primer sequence

AlF

AlR

A2AF

A2AR

A2BF

A2BR

A3F

A3R

AChE F

AChER

Chrm2 F

Chrm2 R
B2-microglobulin F
B2-microglobulin R
fB-actin F

fB-actin R

DEVELOPMENTAL NEUROSCIENCE

5’-ATT GCT GTG GAT CGA TAC C-3’
5'-GAA TCC AGC AGC CAG CTA T-3'
5’-GCA GAG TTC CAT CTT TAG C-3’
5’-CGC CCT CAC ACC TGT CA-3’

5’-TCC ATC TTT AGC CTC TTG G-3’

5’-TC CTC TTG CTC GTG TTC-3’

5’-CTG CGA GTC AAG CTG AC-3’

5’-GTC CCA CCA GAA AGG ACA-3’
3"-AAC TAC ACC GTG GAG GAG AGA-5°
3"-CCA TCC CCA CTC CAA TAC CAC-57
3°-CCT ACC CAG TTA AGC GGA CCA C-5°
3°-TGC CAG AAG AGA ATG GCT GG-5°
3°-TCC TGG CTC ACA CTG AAT TC-5°
3°-CTT TGT GGA TAA ATT GTA TAG CA-5°
5’-GGT CAT CAC TAT CGG CAA T-3’
5'-GAA TGT AGT TTC ATG GAT GC-3’

639

Fragment size (bp)
100

100

100

100

100

Note: These primers listed were used to RT-PCR and real time-PCR. Melting curve analysis was performed to determine the specificity for each real-time PCR

reaction.

(a)

150+

(b)
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Percentage of control of paw
latency withdrawal (%)

50+

Baseline (P30) 1h (P30)
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(d)
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FIGURE 2 Latency of paw withdrawal assessed using Hot Plate (HP) test at baseline, 1 and 24 hr after unique exercise session assessed at

P30 (a) and at P60 (b) and nociceptive response assessed by Von Frey (VF) test at baseline and 24 hr after unique exercise session assessed at
P30 (c) and at P60 (d). Data presented as mean + SEM of percentage of control [VF: P30 (28.97g) and P60 (39.32g); HP: P30 (2.53s) and P60
(2.62s). (a) There was an interaction between time and exercise (two-way mixed ANOVA/Bonferroni, p < .05, F(y 56, = 7.769, n = 8). (b) There

was an interaction between time and exercise (two-way mixed ANOV A/Bonferroni, p < .01, F, 54y = 6.058, n = 7-8). (c) There was an interaction

between morphine and exercise (two-way mixed ANOVA/Bonferroni, p < .05, F(; 53, = 6.388, n = 8). (d) There was an interaction between time,

exercise, and morphine (two-way mixed ANOVA/Bonferroni, p < .05, F(; 57, = 5.788, n = 7-8)
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exercise (p < .05, F(j 2, = 7.233); and main effects of mor-
phine (p < .001, Fy 55 = 81.864) and exercise (p < .001,
F 05 =21.033).

At P60, there was an interaction between time and exercise
(two-way mixed ANOVA/Bonferroni, p < .01, F, 2.54)= 6.058,
n = 7-8; Figure 2b). We observed a decrease of paw with-
drawal latency according to time in the groups subjected to
exercise. In addition, there was main effects of time (p < .05,
F( .54 = 3.415); morphine (p < .001, F;,7 = 19.323); and
exercise (p < .05, Fj o7y = 7.754).

3.2 | Mechanical hyperalgesia

At P30, there was an interaction between morphine and
exercise (two-way mixed ANOVA/Bonferroni, p < .05,
Faos = 6.388, n = 8; Figure 2¢); and main effect of mor-
phine (p < .001, F; 5, = 110.100).

At P60, there was an interaction between time, exer-
cise, and morphine (two-way mixed ANOVA/Bonferroni,
p < .05, Fuay = 5.788, n = 7-8; Figure 2d); we observed
a decrease of paw withdrawal latency according to time in
the group submitted to exercise and morphine. There was an

“ISON;
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interaction time and exercise (p <.001, F; 57y = 21.930); and
main effects of time (p < .01, F{; 7y =29.237); and morphine
(p < .001, F(1,27) = 22.575).

3.3 | BDNEF levels

In the brainstem, there was an interaction between age,
morphine, and exercise (three-way ANOVA/Bonferroni,
F 47y =16.012, p < .001, n = 5-8; Figure 3), and an inter-
action between morphine and exercise (three-way ANOVA/
Bonferroni, Foan = 5.327, p < .03, n = 5-8; Figure 3a). It
is possible to observe that rats subjected to morphine in early
life and subjected to one session of exercise at P60 displayed
lower levels of BDNF, while exercise in the control group
promoted increased BDNF levels.

In the total cerebral cortex of rats, there was an interaction
between age and morphine (three-way ANOVA/Bonferroni,
F(y50)=8.342, p < .01, n = 5-8; Figure 3b), where morphine
groups (morphine, and morphine plus exercise) presented
lower levels of BDNF at P60. And, there was an interac-
tion between morphine and exercise (three-way ANOVA/
Bonferroni, F 5, = 4.721, p < .05, n = 5-8).

(a) Brainstem (b) Cerebral Cortex
150+ 15-
W Control
5 -|- Morphine
n 2
‘g © 1007 10+ - B Control + Exercise
v 2 . .
% s + T - T Morphine + Exercise
= T
3E 5 I N
: _i T
N i
0- T T 0- T T
P30 P60 P30 P60
(c) (d)
40+ 4
Hl Control
[= .
"3 30+ T 34 - Morphine
[ g_ - B Control + Exercise
f ‘5 20- 2- =S T Morphine + Exercise
G- T
2E
> 10-] - - 14
P30

P60

P30 P60

FIGURE 3 Biochemical levels of BDNF and NGF assessed 48 hr after unique exercise session at P32 and P62. Data presented as

mean + SEM (pg/mg of protein). (a) BDNF brainstem levels. There was an interaction between age, morphine, and exercise (three-way ANOVA/
Bonferroni, F(; 47y = 16.012, p < .001, n = 5-8). (b) BDNF cortical levels. There was an interaction between age and morphine (three-way
ANOVA/Bonferroni, F; s,y = 8.342, p < .01, n = 5-8). (c) NGF brainstem levels. There was an interaction between age, morphine, and exercise
(three-way ANOV A/Bonferroni, F; 47y = 7.840, p < .01, n = 5-8). (d) NGF cortical levels. There was a morphine effect (three-way ANOVA/

Bonferroni, F(; 5, = 11.545, p < .01, n = 8)



FERNANDES MEDEIROS ET AL.

3.4 | NGF levels

In the brainstem, there was an interaction between age,
morphine, and exercise (three-way ANOVA/Bonferroni,
Foan= 7.840, p < .01, n = 5-8; Figure 3c). Interestingly, it
was observed a reduction in the brainstem NGF levels at P60
in morphine plus exercise group; similar effect observed in
brainstem BDNF levels. In addition, there was a main effect
of exercise (three-way ANOV A/Bonferroni, F; 47, = 10.486,
p < .01, n = 5-8; Figure 3c), decreasing NGF levels; and
the main effect of age (three-way ANOVA/Bonferroni,
Foan = 109.178, p < .001, n = 5-8; Figure 3c), increasing
NGF levels with the age increase.

Also, we observed the main effects of morphine in
the NGF cortical levels (three-way ANOVA/Bonferroni,
F( sy = 11.545, p < .01, n = 8; Figure 3d), with reduced
NGEF levels in the morphine groups.

3.5 | IL-6levels

In the brainstem, there was a main effect of age (three-way
ANOVA/Bonferroni, Foan = 51.719, p < .001, n = 6-8;
Figure 4a); IL-6 levels increased according to age increase, at
least until P60. While in the cerebral cortex, it was observed
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an interaction between morphine and exercise (three-way
ANOVA/Bonferroni, Fusy = 4021, p < .05, n = 5-8;
Figure 4b), thus morphine plus exercise increased IL-6 levels
in relation to morphine group.

3.6 | IL-10levels

In the brainstem and the cerebral cortex, there was a main ef-
fect of age (three-way ANOVA/Bonferroni, F; 47y = 59.322,
p <.001, and F; 55, = 4.608, p < .05, respectively, n = 5-8;
Figure 4c and d), IL-10 levels increase according to age in-
crease, at least until P60.

3.7 | Ay Ay, Asp, and Ay adenosine
receptors in spinal cord

According to our data, there was a reduction in the A expres-
sion receptor in the morphine plus exercise group in relation
to morphine sedentary group (one-way ANOVA, p < .05,
F11y=3.253, n = 4, Figure 5). It was observed a reduction
in the A,, expression receptor in the morphine plus exercise
group in relation to other groups (one-way ANOVA, p < .01,
F310) = 11.84, n = 4, Figure 5). Interestingly, the morphine

(a) Brainstem (b) Cerebral Cortex
100+ 8-
T N Control
—_ i T .
£ 80 6 T Morphine
- T
% g 60- T T T B Control + Exercise
>
2y 4- Morphine + Exercise
C o 404
= E -+ =
2 204 I %
0= T T 0~ T o
P30 P60 P30 P60
c d
© . (d)
1.5+

IL-10 levels
(pg/mg of protein)
S

P30 P60

T
T T 1.0 T
T T
T - 0.5+
10+ I
0- 7 7 0.0~ v v

Il Control
Morphine
B Control + Exercise

Morphine + Exercise

P30 P60

FIGURE 4 Biochemical levels of IL-6 and IL-10 assessed 48 hr after unique exercise session at P32 and P62. Data presented as mean + SEM
(pg/mg of protein). (a) IL-6 brainstem levels. There was an age effect (three-way ANOV A/Bonferroni, F; 47y = 51.719, p < .001, n = 6-8). (b) IL-6
cortical levels. There was an interaction between morphine and exercise (three-way ANOVA/Bonferroni, F(; 55, = 4.021, p < .05, n = 5-8). (c) IL-
10 brainstem levels. There was an age effect (three-way ANOVA/Bonferroni, F(; 47y = 59.322, p < .001, n = 5-8). (d) IL-10 cortical levels. There
was an age effect (three-way ANOVA/Bonferroni, F(; 55, = 4.608, p < .05, n = 5-8)
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FIGURE 5 Analysis of mRNA expression—-mRNA expression of A, A,,, Ay, and A adenosine receptors in addition to acetylcholinesterase
(AChE) and muscarinic receptor 2 (Chrm2) were evaluated by qPCR. Quantitative analysis of the relative expression was evaluated by qPCR and
used B-actin gene expression as an internal control for normalization of the expression levels. Data were analyzed by one-way ANOVA, followed
by the Tukey post hoc test. The experiments were performed three times in triplicate. & different from the morphine sedentary group (p < .05). #
different from other groups(p < .05)
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sedentary group presented higher A,z expression receptors;
however, the exercise was able to reduce this expression in
the morphine plus exercise group at sedentary group levels
(one-way ANOVA, p < .01, F3 15, =7.056, n = 4, Figure 5).
In relation to the A3 receptor, no significant differences
between the groups were found at its expression (one-way
ANOVA, p > .05, F(3 ;)= 1.555, n = 4, Figure 5).

3.8 | Expression of acetylcholinesterase
(AChE) enzyme and M2 acetylcholine
receptors in the spinal cord

In relation to AChE enzyme expression, no significant differ-
ences were found among groups (one-way ANOVA, p > .05,
F.12) = 3.188, n = 4, Figure 5). The M2 receptor expres-
sion was reduced by exercise in relation to other groups (one-
way ANOVA, p < .05, and p < .01, F3 0, = 10.10, n = 4,
Figure 5).

4 | DISCUSSION

In the current study, we showed that neonate rats subjected to
repeated morphine exposure displayed mechanical and thermal
hyperalgesia in adult life. In addition, we showed that acute
stress induced by a single session of exercise did not revert the
hyperalgesia, and in contrast to our SIA hypothesis, it triggered
delayed hyperalgesia in the saline group. Also, the exercise
association to early morphine decreased the brainstem levels
of BDNF and NGF according to postnatal day analyzed; and
reversed the reduction in the IL-6 levels in the cerebral cor-
tex induced by morphine treatment. Moreover, morphine plus
exercise reduced the expression receptors A, Aja, Ayp in the
spinal cord. And, exercise reduced M2 receptors expression in
naive rats; while morphine prevented this effect.

It is interesting to note that the mechanisms of mor-
phine-induced hyperalgesia are linked to changes in differ-
ent systems, as opioidergic and glutamatergic (Suarez-Roca,
2006), downstream pathways (Song, Wu, & Zuo, 2015), and
inflammatory mediators (Borghi et al., 2015), characterizing
complex alterations. In the current study, we have tested a
single session of exercise to the relief the hyperalgesia; how-
ever, we failed to show that. The rational to test one session
of exercise as analgesic upon pain behavior was based on
previous studies that have shown that single session of the
exercise was able to trigger antinociceptive effect (Galdino
& Romero, 2014a, 2014b; King-Himmelreich et al., 2017).

A close relationship between exercise and opioid signaling
has been described. Previous study revealed that low-inten-
sity exercise activates opioid receptors to reduce hyperalgesia
in rats with chronic musculoskeletal pain (Hoeger Bement
& Sluka, 2005). And it increases endogenous opioid content
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in brainstem regions related to pain modulation; and these
effects are reversed by opioid receptor antagonists (Stagg
et al., 2011). Despite exercise acts in different pathways, it
is possible that this close relationship may contribute to no
analgesic effect found in our findings.

In contrast to our SIA hypothesis, we also noted a decrease
in the nociceptive threshold in the control group subjected to
one session of exercise. It is known that exercise may produce
hypoalgesia or hyperalgesia according to the protocol applied,
brain areas activated and different timepoints assessing the af-
ter-effects (Lima, Abner, & Sluka, 2017), mainly, in preclin-
ical settings, where the animals are, sometimes, subjected to
a forced exercise. Our previous study corroborates that rats
subjected to chronic restraint-induced hyperalgesia displayed
analgesic response after forced swimming, as an acute stress
model, but not after 3 hr restraint (Da Silva Torres et al., 2003).
However, we have shown that regular aerobic treadmill exer-
cise presents an analgesic effect in a neuropathic pain model
in rats (Lopes et al., 2020). In this context, rats showed delayed
hyperalgesia induced by the single exercise stress protocol.

In the literature, we have found studies showing a hyper-
algesic effect triggered by exercise. For example, low-inten-
sity exercise triggered hypernociceptive behavior in rats,
achieving the peak 4 hr after exercise (Lana, Paulino, &
Gongalves, 2006). Also, a single bout of fatiguing exercise
increases hyperalgesia in sedentary animals (Gregory, Brito,
Fusaro, & Sluka, 2016; Gregory, Gibson-Corley, Frey-Law, &
Sluka, 2013). In the same line, a single exercise session exacer-
bates pain by increasing phosphorylation of NMDA receptors,
and modulate important centers in nociception (Lima et al.,
2017; Fields, Malick, & Burstein, 1995). We might not rule out
the central and peripheral events, i.e., the role of metabolites
peripherally released in response to exercise in the skeletal
muscle may contribute to the exercise-induced hyperalgesia,
linked to inflammation and delayed-onset muscle soreness.

In our previous study, data have shown that neonatal mor-
phine administration triggered changes in the hippocampal
BDNEF levels (Rozisky et al., 2013). It is possible to observe
that prenatal morphine exposure caused a reduction in the hip-
pocampal BDNF levels in the female, but not male rats, and
over 30 days of postnatal, exercise or enriched environment was
able to restore the BDNF levels at adult age (Ahmadalipour,
Ghodrati-Jaldbakhan, Samaei, & Rashidy-Pour, 2018). Here,
we observed that a single session of exercise in the morphine
group decreased BDNF and NGF levels in the brainstem
without effects in the cerebral cortex. However, the exercise
increased BDNF levels in the saline group, suggesting a state-
and structure-dependent effect. Both neurotrophins (BDNF and
NGF) are involved with peripheral or central sensitization in
different chronic pain conditions (Pezet & McMahon, 2006). In
this context, our current findings corroborate previous studies
regarding the role of central neurotrophins in the long-lasting ef-
fect of morphine; also, how exercise was able to modulate them.
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Our previous study has shown the effects of morphine
exposure in neonatal age decreased ADP hydrolysis and in-
crease the expression levels of E-NTPDase 1 in the spinal cord
(Rozisky et al., 2010). Here, we observed that rats subjected
to early morphine plus a single session of exercise (P60) de-
creased AR, A,,R, and A zR expression levels, while those
only subjected to early morphine exposure showed an increase
in the spinal cord A,gR expression levels, which could be re-
lated to hyperalgesia induced by early morphine exposure.
Corroborating this hypothesis, a previous study showed an
analgesic effect induced by adenosine A,zR antagonist in two
independent models of chronic pain (Hu et al., 2016). However,
we cannot discard a possible interference of delayed time for
biochemical analysis as the behavioral assessments were per-
formed in a different time frame. While spinal adenosine A,
receptor activation inhibits pain-related behavior (Aley, Green,
& Levine, 1995; Goldman et al., 2010); acute activation of pe-
ripheral A,, receptors increased the pain-related behavior (Li
et al., 2010). Thus, exercise applied upon morphine rats may
trigger an imbalance in the spinal cord adenosine receptors;
which may contribute to no analgesic effect observed in rats
with morphine-induced hyperalgesia. However, in the current
study, mRNA levels in the spinal cord were measured, not di-
rectly the membrane receptor expression.

In this study, it was observed downregulation of M2 recep-
tors, which might be attributed to an oversupply or a shuttle of

Morphine
From P8 until P14
(5 pg s.c. in the mid-scapular area)

| NGF levels

a®

1 AR expression
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acetylcholine for large motor neurons that innervate skeletal
muscle during exercise (Welton, Stewart, Kerr, & Maxwell,
1999), as well as, for their vasodilatory effects on smooth vas-
culature after exercise. Effects of acetylcholine on muscarinic
and/or nicotinic receptors are implied on antinociception me-
diated by inhibitory G-Protein-Coupled Receptors (GPCRs)
in the spinal cord. The analgesic mechanisms provided by
systemic morphine administration involves the release of ace-
tylcholine in the spinal cord (Chen & Pan, 2001). Also, it is
possible to suggest that the downregulation of M2 receptors
triggered by exercise can be the result of an imbalance be-
tween the muscarinic receptors' spinal cord levels; and this
effect was prevented by early morphine administration.

Regarding the ontogenic effect, in the current study, we
found an increased central level of IL-6 and IL-10 with age.
It is important to note that similar results were found in our
previous data that have shown an age effect upon different
biomarker levels (Nunes et al., 2017).

In conclusion, our findings corroborate data from the lit-
erature that have shown the repeated exposure of morphine
in the neonatal life induces hypernociceptive behavior at the
adult age of rats. Despite a single session of exercise that does
not revert this behavior, the association of exercise and mor-
phine modulates expression levels of receptors, such as AR,
AsxR, AypR; as well as IL-6 levels in the central nervous
system, as summarized in Figure 6.

Single session of

treadmill exercise
(P30 or P60)

| NGF levels

a»

| AR, A;aR, AjgR expression

| MR expression

FIGURE 6 Schematic representation of the findings [Colour figure can be viewed at wileyonlinelibrary.com]
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