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The use of morphine, the standard opioid drug, is limited by its undesirable effects,
such as tolerance, physical dependence, and hyperalgesia (increased pain sensitivity).
Clinical and preclinical studies have reported development of hyperalgesia after
prolonged opioid administration or after a single dose of intrathecal (i.t.) morphine
in uninjured rats. However, whether a single standard systemic morphine dose is
sufficient to decrease the nociceptive threshold in rats is unknown. Here, we showed
that a single morphine subcutaneous injection induces analgesia followed by a long-
lasting delayed hyperalgesia in uninjured and PGE2 sensitized rats. The i.t injection
of extracellular signal-regulated kinase (ERK) inhibitor blocked morphine-induced
analgesia, without interfering with the morphine-induced hyperalgesia. However, i.t.
injection of SB20358, a p38 inhibitor and SP660125, a JNK inhibitor, decreased
the morphine-induced hyperalgesia. Consistently with the behavioral data, Western
Blot analysis showed that ERK is more phosphorylated 1 h after morphine, i.e.,
when the analgesia is detected. Moreover, phospho-p38 and phospho-JNK levels are
upregulated 96 h after morphine injection, time that coincides with the hyperalgesic
effect. Intrathecal (i.t.) oligodeoxynucleotide (ODN) antisense to cAMP-responsive
element binding protein (CREB) attenuated morphine-induced hyperalgesia. Real-time
polymerase chain reaction (RT-PCR) analysis showed that CREB downstream genes
expressions were significantly up-regulated 96 h after morphine injection in spinal cord.
Together, our data suggest that central ERK is involved in the analgesic and hyperalgesic
effects of morphine while JNK, p38, and CREB are involved in the morphine-induced
delayed hyperalgesia.

Keywords: morphine, opioid, opioid-induced hyperalgesia, MAPK, ERK1/2, p38, JNK, CREB

INTRODUCTION

Opioids are effective analgesics for treating moderate to severe pain, but their use is limited due to
adverse effects such as development of tolerance and paradoxical pain. Several preclinical studies
have reported that administration of opioids, such as morphine, either in very high or very low
doses, increases sensitivity to noxious stimuli, i.e., hyperalgesia (Angst and Clark, 2006; Lee et al.,
2011). Hyperalgesia is also reported after repeated daily opioid administration (Corder et al., 2017)
or after a single intrathecal injection of opioids in rats (Van Elstraete et al., 2005). Clinical studies
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have reported that short-term administration of an opioid can
enhance hyperalgesia (Angst et al., 2003). However, whether a
single systemic administration of an intermediate opioid dose
(i.e., a dose that induces analgesia without compromising the
overall activity, such as, locomotion or respiratory functions)
induces hyperalgesia is still controversial. Therefore, studies
evaluating the effect of a single injection of opioid on the
nociceptive threshold are still an unmet need and relevant for
clinical practice.

Mitogen-activated protein kinases (MAPK) are a family of
evolutionarily conserved molecules that transduce extracellular
stimuli into intracellular responses, by changing transcription
as well as inducing posttranslational modifications of target
proteins. There are three major members in the MAPK family:
extracellular signal regulated kinase (ERK), p38, and c-Jun
N-terminal kinases (JNK) (Johnson and Lapadat, 2002; Ji and
Strichartz, 2004). Several lines of evidence have shown that
MAPK up-regulates the pro-nociceptive systems. Activation of
ERK, JNK, and p38 in the spinal cord leads to the production
of inflammatory mediators that sensitize dorsal horn neurons.
The increased activity in dorsal horn transforms the subsequent
performance of the nociceptive pathway, by amplifying or
prolonging the response to noxious inputs (hyperalgesia).
Therefore, the MAPK activation in the spinal cord contributes
to pain sensitization (Ji et al., 2009).

Opioids induce paradoxical pain by activating neuronal
and non-neuronal cells; however the mechanisms involved in
this phenomenon are not completely understood. Involvement
of MAPK in tolerance and hyperalgesia after long-term
morphine exposure is well documented. Functional studies
showed that inhibition of MAPK alleviates pathological pain
(Ji and Woolf, 2001) and morphine tolerance (Chen and
Sommer, 2009), indicating that these two conditions may
share similar cellular and molecular mechanisms. Moreover,
chronic morphine exposure activates ERK1/2, p38, and JNK
in central and peripheral nervous systems. The downstream
signaling mechanisms involve the cAMP-responsive element
binding protein (CREB) pathway, which regulates the expression
of neuropeptides, such as CGRP and substance P. Despite the
evidences showing that chronic opioid administration activates
MAPK signaling pathway, the effects of an acute injection of
morphine, including at doses able to induce hyperalgesia, on
those kinases are unknown. Consequently, we decided to test the
hypothesis that a single dose of systemic administered morphine
induces a MAPK-dependent central sensitization process and
subsequent hyperalgesia. We also tested whether inhibiting
ERK1/2, p38, and JNK impairs morphine-induced hyperalgesia.
Finally, we evaluated the effect of inhibiting CREB transcriptional
factor on morphine effects.

MATERIALS AND METHODS

Animals
Male Wistar rats (170–190 g) were used in this study. The
animals were housed in a temperature-controlled (21 ± 2◦C)
and light-controlled (12 h/12 h light/dark cycle) environment.

All of the behavioral tests were performed between 9:00 am and
4:00 pm. Standard food and water were available ad libitum.
All of the procedures were conducted in accordance with the
guidelines for the ethical use of conscious animals in pain
research published by the International Association for the
Study of Pain (Zimmermann, 1983) and were approved by the
Institutional Animal Care Committee of the Butantan Institute
(CEUAIB, protocol number 1245/14 and 9766020419) according
to ARRIVE guidelines.

Chemicals and Drug Administration
The following chemicals were obtained from the sources
indicated. Morphine (morphine sulfate, União Química, Brazil,
1 µg/kg, 1 or 5 mg/kg (subcutaneous route) or 6, 12, or
24 µg/paw (intraplantar route) was dissolved in sterile saline
and injected 60 min before the first nociceptive evaluation.
PGE2 was purchased from the Sigma Chemical Co. (St. Louis,
MO, United States). A stock solution of PGE2 was prepared
by dissolving 500 µg PGE2 in 1 mL of 100% ethanol and
then diluting it in sterile saline before injection into the rat
paw (100 ng/paw). The percentage of ethanol in the solution
injected in the hind paw was 0.2% (Zambelli et al., 2014). ERKI,
an ERK inhibitor; SB20358, a p38 inhibitor; SP600125, a JNK
inhibitor; PD98059, a MEK inhibitor were dissolved in 5% DMSO
and administered intrathecally (i.t.) at the dose of 30 µg (Ma
et al., 2001). The oligodeoxynucleotides (ODN)-antisense against
CREB (Exxtend-Brazil), or its mismatch, was also administered
by intrathecal route at the dose of 30 µg, in a volume of
10 µL once daily for 5 days before morphine injection, including
the morphine first day, and then every other day until Day
4 (96 h) (dos Santos et al., 2014). The behavioral assessment
was conducted on the day following the last injection (96 h).
Briefly, for these intrathecal injections, the rats were anesthetized
with 2% isoflurane and a 29-gauge needle was inserted in the
subarachnoid space on the midline between L4 and L5 vertebrae
(Milligan et al., 2003). The animals recovered consciousness
approximately 1 min after discontinuing the anesthetic.

Behavioral Assessment
Mechanical Hyperalgesia Evaluation
To assess the nociceptive threshold, the rat paw pressure test
was used (Randall and Selitto, 1957) (Ugo Basile, VA, Italy).
The test was applied before and for up to 192 h after morphine
treatment or PGE2 injection. Testing was blind in regard to group
designation. In this test, an increasing force (measured in g) was
applied to the hind paw of the rat and interrupted when the
animal withdrew the paw. The force necessary to induce this
reaction was recorded as the nociceptive threshold. A maximum
pressure of 250 g (i.e., cut-off) was established to minimize
damage to the paw. To reduce stress, rats were habituated to the
testing procedure a day before experimentation.

Thermal Hyperalgesia Evaluation
The Hargreaves technique was used for thermal hyperalgesia
studies (using the Ugo Basile Model 7370 Plantar Test). Paw
withdrawal responses to noxious heat stimuli were measured in
rats as described (Hargreaves et al., 1988). To measure response
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to noxious heat stimuli, each animal was placed in a Plexiglas
chamber on a glass plate located above a light box. Radiant heat
was applied by focused infrared (IR) beam to the middle of the
plantar surface of rat hind paw. When the animal lifted its foot,
the IR beam was turned off. The time interval between the start of
the IR beam and the foot lift was defined as the paw withdrawal
latency. Each trial was repeated at least 3 times at 5-min intervals
for each paw. A cut-off time of 30 s was used to prevent paw tissue
damage. Blinding method was implemented strictly for the whole
behavioral test.

Biochemical Studies
Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction
For this study, spinal cord (L4-L6) of the rats was collected 96 h
after the subcutaneous injection of morphine. Saline treated
animals were used as controls. After collection, tissues were
rapidly homogenized in TRIZOL reagent (Sigma-Aldrich, St.
Louis, MO, United States). Total cellular RNA was purified
from tissue according to the manufacturer’s instruction and
the purity and integrity of total RNA was measured. Reverse
transcription was performed with a reverse transcription
reaction (Superscript II; Invitrogen, Thermo Fisher Scientific,
Waltham, MA, United States). Real-time PCR was performed
using primers specific for the rats genes Fos B, MyC, and cJun
and the levels of each gene were normalized to the levels of
the rat Gapdh gene. Reactions were conducted on the StepOne
Plus (Applied Biosystems) using the SYBR-green fluorescence
system (Thermo Fisher Scientific, Waltham, MA, United States).
The results were analyzed by the method of quantitative
relative expression 2−11(1Ct as previously described.
Primer pairs for rats Gapdh, Fos B, MyC, and cJun were as
follows: Gapdh fwd: 5′-TCGGTGTGAACGGATTTGGC-3′;
Gapdh rev: 5′-CCTTCAGGTGAGCCCCAGC-3′; Fos B fwd:
5′-ACGCCGAGTCCTACTCCAG-3′; Fos B rev: 5′-TCTCCT
CCTCTTCGGGAGAC-3′; MyC fwd: 5′-GAAGAACAAG
ATGATGAGGAA-3′; MyC rev: 5′-GCTGGTGAGTAGAGAC
AT-3′; cJun fwd: 5′-CGGCCCCGAAACTTCTG-3′; cJun rev:
5′-GTCGTTTCCATCTTTGCAGTCA-3′.

Western Blot Analysis
Samples of spinal cord (L4-L6) were collected and homogenized
in a lysis buffer containing a mixture of protease inhibitors
and phosphatase inhibitors (Sigma-Aldrich). The protein
concentrations of the lysate were determined using a Bradford
assay (Bradford, 1976). Protein samples were separated on a
SDS-PAGE gel (10% gradient gel; Bio-Rad) and transferred to
nitrocellulose membranes (GE Healthcare). The filters were
blocked for 120 min with 5% BSA and incubated overnight at
4◦C with a primary antibody against phospho-ERK, phospho-
JNK, phospho-p38 or non-phosphorylated forms of these
proteins (1:1000; Cell Signaling Technology, Danvers, MA,
United States). The membranes were then incubated in the
appropriate peroxidase-conjugated secondary antibody (1:5000;
anti-rabbit, Sigma-Aldrich, St. Louis, MO, United States, cat.
numbers A0545 and A8919, respectively) for 120 min at room
temperature and developed using enhanced chemiluminescence

(Amersham GE Healthcare Bio-Sciences Corp.; Piscataway,
NJ, United States). Quantification analysis of the blots was
performed using the UVITEC software. Images were used as
representative blots. Densitometric data were measured after
normalization to total protein (not phosphorylated).

Statistical Analysis
The results are presented as the mean ± SEM. For Figures 1–4,
6–8, 9B, and Supplementary Figures S1, S2 statistical evaluation
of data was conducted using a two-way analysis of variance
(ANOVA) with post hoc testing by Tukey. One way ANOVA was
used to analyze Figures 5, 9B, 10 with post hoc testing by Tukey.
A value of P< 0.05 was considered significant.

Experimental Design
The schematic Figure 1 summarizes the experimental
design of this work.

RESULTS

First, we performed a dose response curve of systemically injected
morphine on the nociceptive threshold of rats. The mechanical
threshold was assessed 1 h after morphine and every day for
8 days (192 h). A single injection of morphine at 1 mg/Kg or
5 mg/Kg, s.c., induces significant increase in the mechanical
nociceptive threshold (analgesia), at 1 h after the administration
as compared to the baseline. Importantly, rats treated with
morphine (5 mg/Kg), besides displaying analgesia, also display a
long-lasting decrease in the nociceptive threshold (hyperalgesia),
starting at Day 4 (96 h) and lasting until Day 6 (144 h). A lower
dose of morphine (1 µg/Kg, s.c.) neither induces analgesia nor
hyperalgesia (Figure 2A). As expected, no difference in the
nociceptive threshold was detected in control rats treated with
saline. Importantly, morphine did not affect rat gross motor
skills. No differences were detected in the mean number of
squares crossed in an open field or in rearing behavior between
morphine and saline treated rats (data not shown). Next, we
evaluated the effect of peripherally injected morphine on the
mechanical nociceptive threshold. The intraplantar injection of
morphine, at the doses of 6, 12, or 24 µg/paw, increases paw
nociceptive threshold in the ipsilateral paw, without inducing
hyperalgesia (Figure 2B). Also, intraplantar administration of
morphine did not interfere with the nociceptive threshold of
the contralateral paw (data not shown), indicating that, at these
doses, and the opioid induces only local (peripheral) effect. Taken
together, the results obtained for the systemic and intraplantar
administration of morphine indicate that (a) a single systemic
injection of morphine can induce a biphasic response in the
nociceptive threshold of uninjured rats (early analgesia and long
lasting delayed hyperalgesia) and (b) central mechanisms are
involved in morphine-induced delayed hyperalgesia.

Because we and others have previously demonstrated that
peripheral sensitization may interfere with the analgesic efficacy
of opioids (Obara et al., 2009; Zambelli et al., 2014), we next
sought to investigate whether a peripheral sensitization would
exacerbate and/or extend the morphine-induced hyperalgesia.
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FIGURE 1 | Schematic representation of the experimental design of the work. To assess the mechanical and thermal nociceptive threshold, the rat paw pressure
test (Randall and Selitto, 1957), and paw withdrawal responses test to noxious heat stimuli (Hargreaves et al., 1988) were measured, respectively. The tests were
applied before and for up to 192 h after morphine treatment (1 µg/Kg, 1 e 5 mg/Kg, s.c. or 6, 12, and 24 µg/paw). The pharmacological inhibitors of MAPKs, ERK
inhibitor (ERKI), p38 inhibitor (SB20358) or JNK inhibitor (SP660125), were injected by intrathecal route (i.t), and were administrated concomitantly to morphine or
95 h after systemic morphine. The nociceptive thresholds were evaluated before and for up to 168 h after morphine treatment. The expression and phosphorylation
of ERK, p38, JNK, and CREB were evaluated by Western Blot at 0.25, 1, 96, 120, 144, and 168 h after morphine treatment (5 mg/Kg). The intrathecal
administrations of the antisense-ODN against CREB, or a mismatch sequence, were performed for 5 days before morphine administration (including the day of
morphine injection) and every other day afterward. The nociceptive thresholds were evaluated before and 1, 48, 72, and 96 h after morphine treatment (5 mg/Kg).
The mRNA expression of MYC, FOS B, and cJUN were evaluated by Real- Time PCR at 96 h after morphine treatment (5 mg/Kg).

FIGURE 2 | Effect of morphine in the rat mechanical nociceptive threshold. Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 24, 48,
72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (1 µg/Kg, 1 mg/Kg, and 5 mg/Kg) (A) and intraplantar injection of morphine (6 µg/paw,
12 µg/paw, and 24 µg/paw) (B). Morphine was injected in naïve rats. Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline
(0). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.

To address this question, rats received an intraplantar injection
of 100 ng/paw PGE2 that caused a significant decrease in
the nociceptive threshold, with a peak response at 3 h,
when compared with the basal values. The systemic morphine
(5 mg/Kg) blocks PGE2-induced hyperalgesia and induces
delayed hyperalgesia, starting at 96 h and lasting until 144 h
after morphine (Figure 3A). We also checked whether the
effect of peripherally administered morphine alters PGE2-
induced hyperalgesia. As detected in the absence of sensitization,

the peripheral morphine injection causes analgesia, without
generating hyperalgesia (Figure 3B). Intraplantar injection of
morphine did not modify the PGE2-induced hyperalgesia in
the contralateral paw, indicating again that the opioid, at doses
presently used exerts only a local (peripheral) effect. Importantly,
these effects were only observed in the paw injected with
morphine, excluding a systemic effect. Taken together, these
results suggest that peripheral sensitization (by PGE2) neither
interferes with delayed hyperalgesia after systemic morphine
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FIGURE 3 | Effect of morphine in the mechanical nociceptive threshold of rats treated with prostaglandin E2 (PGE2). Nociceptive threshold was obtained in the rat
paw pressure test, before (0) and 1, 24, 48, 72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (5 mg/Kg) (A) and intraplantar injection of
morphine (6 µg/paw, 12 µg/paw, and 24 µg/paw) (B). PGE2 (100 ng/paw) was injected 2 h before the opioid administration. The contralateral paw threshold (CL) is
indicated with an arrow. Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). Data were analyzed by two-way analysis
of variance (ANOVA) with post hoc testing by Tukey.

injection nor with the absence of hyperalgesia when morphine
was peripherally injected.

In addition to mechanical hyperalgesia, we also investigated
whether a single morphine injection (5 mg/Kg) would induce
thermal hyperalgesia, The results showed that morphine, in the
same dose that induces mechanical delayed hyperalgesia also
induces thermal hyperalgesia. However, thermal hyperalgesia
started 48 h after morphine and lasted for just 24 h (Figure 4).
Because morphine did not induce significant analgesia in this
hyperalgesia model and because thermal hyperalgesia lasted only

FIGURE 4 | Effect of morphine in the rat thermal nociceptive threshold.
Thermal sensitivity, as assessed by hind paw withdrawal threshold, was
measured by the Hargreaves method, before (0) and 1, 24, 48, 72, 96, 120,
144, and 192 h after subcutaneous injection of morphine (5 mg/Kg). Data
represent mean values ± SEM for six rats per group. ∗ significantly different
from baseline (0). Data were analyzed by two-way analysis of variance
(ANOVA) with post hocpost-hoc testing by Tukey.

24 h, we decided to conduct the further experiments using only
the mechanical nociceptive stimulus.

Spinal ERK Activation Correlates With
Analgesia and Hyperalgesia, While p38
and JNK Activation Correlate With
Morphine-Induced Hyperalgesia
To elucidate the potential mechanisms involved in the
mechanical hyperalgesia induced by a single injection of
morphine, we first investigated whether ERK, p38, and JNK
expression and phosphorylation were altered by morphine. The
systemic injection of a single morphine dose (5 mg/Kg) increases
the level of phosphorylated ERK1/2 in lumbar spinal cord, 1 h
after injection, when compared to saline treated rats. ERK1/2
activation is also detected at 96, 120, and 144 h. The morphine
injection also increases the levels of JNK phosphorylation at 96 h
after injection and of p38 at 96 and 120 h. Taken together, these
data suggest that ERK1/2 is activated in the period in which
morphine is inducing both analgesia and hyperalgesia. However,
p38 and JNK are activated only in the period that hyperalgesia is
detected (Figure 5).

Spinal MAPKs Are Involved in Both
Analgesia and Hyperalgesia Induced by a
Single Dose of Systemic Morphine
In order to test the functional significance of the increased
MAPK activation in the spinal cord, pharmacological inhibitors
of MAPKs were injected by intrathecal route. ERK inhibitor
(ERK-I), p38 inhibitor (p38-I, SB20358) or JNK inhibitor (JNK-
I, SP660125) were administered in two experimental conditions
(a) concomitantly with morphine or (b) 95 h after systemic
morphine. We chose these two time points because they
correspond to the analgesic and hyperalgesic effects, respectively.
Importantly, because the inhibition of MEK, an up-stream

Frontiers in Neuroscience | www.frontiersin.org 5 September 2019 | Volume 13 | Article 1018

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01018 September 19, 2019 Time: 18:34 # 6

Freitas et al. Opioid-Induced Hyperalgesia and MAP Kinase Signaling

FIGURE 5 | Morphine systemic injection effect on protein expression of ERK1/2 (A), JNK (B), and p38 (C) MAPKs. The changes in protein levels of MAPKs were
determined by immunobloting, in lumbar spinal cord obtained 0.25, 1, 24, 48, 72, 120, 144, and 192 h after morphine injection (5 mg/Kg, s.c.). (D) Representative
blots showing the phosphorylated and total ERK1/2, JNK, and p38 levels in the total lisate of spinal cord. Data are presented as mean ± SEM and expressed as %
of control (saline) animals. ∗ significantly different from mean values of saline treated animals, n = 6 per group (p = 0.05). Data were analyzed by one-way analysis of
variance (ANOVA) with post hoc testing by Tukey.

MAPK kinase, interferes with PGE2 induced hyperalgesia, the
following experiments were performed in naïve rats, i.e., without
sensitization (Supplementary Figure S1).

The ERKI, injected concomitantly to morphine, partially
decreases morphine-induced analgesia without interfering with
morphine-induced hyperalgesia (Figure 6A). In contrast, p38-I
and JNK-I did not interfere with morphine-induced analgesia but
prevented the development of hyperalgesia (Figures 6B,C).

The next step was to evaluate whether inhibiting ERK1/2, p38
and JNK at 95 h and 30 min after morphine, i.e., 30 min before
the assessment of hyperalgesia, is able to prevent this condition.
The ERK or p38 inhibition did not interfere the morphine-
induced hyperalgesia (Figure 7). However, JNK inhibition
partially reverts the opioid hyperalgesic effect. Control animals
injected only with the inhibitors, did not display changes in
the nociceptive threshold (Supplementary Figure S2). Together,
these data indicate that p38 and JNK contribute to the initiation
of hyperalgesia after a single injection of systemic morphine.
Interestingly, once the signaling is triggered, the pharmacological
inhibition of p38 and JNK can no longer completely restores the
nociceptive threshold.

We next asked whether the peripheral MAPKs participate in
the morphine central effect. In order to address this question,
the MEK inhibitor (PD98059) was injected by intraplantar

route. The inhibitor did not interfere with morphine-induced
hyperalgesia when injected concomitantly with morphine or
95 h afterward (Figure 8). Our data suggest that only central
MAPKs are involved in the hyperalgesia induced by a single
injection of morphine.

Downregulation of cAMP-Responsive
Element Binding Protein (CREB)
Expression Impairs Morphine-Induced
Hyperalgesia
It has been extensively reported that MAPK signaling culminates
in activating CREB, a key regulator of gene expression. Therefore,
we evaluated the CREB phosphorylation levels in spinal cord
of the animals. CREB phosphorylation levels are elevated 96 h
after morphine, a period that overlaps with the hyperalgesic
effect (Figure 9A). In order to confirm that the CREB
activation has an important function in hyperalgesia, a functional
knockdown of CREB was achieved by intrathecal administrations
of the antisense-ODN against CREB, or a mismatch sequence.
Antisense injections were performed for 5 days before morphine
administration (including the day of morphine injection) and
every other day afterward (48 and 96 h). As shown in Figure 9D,
hyperalgesia induced by a single injection of morphine was
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FIGURE 6 | Effect of MAPK inhibitors on morphine induced analgesia and hyperalgesia. Nociceptive threshold was obtained in the rat paw pressure test, before (0)
and 1, 24, 48, 72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (5 mg/Kg). The ERK inhibitor (ERK-I) (A), JNK inhibitor (JNK-I, SP660125) (B),
and p38 inhibitor (p38-I, SB20358) (C) were injected by intrathecal route (30 µg/30 µL), concomitantly to morphine (t = 0). The arrows indicate the time of inhibitors
administration. Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). # significantly different from morphine (s.c.) +
vehicle (i.t.). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.

FIGURE 7 | Effect of MAPK inhibitors on morphine-induced hyperalgesia. Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 24, 48,
72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (5 mg/Kg). The ERK inhibitor (ERK-I) (A), JNK inhibitor (JNK-I, SP660125) (B), and p38
inhibitor (p38-I, SB20358) (C) were injected by intrathecal route (30 µg/30 µL), concomitantly 96 h after morphine (t = 96 h). The arrows indicate the time of
inhibitors administration. Data represent mean values ± SEM for six rats per group. ∗ significantly different from baseline (0). # significantly different from morphine
(s.c.) + vehicle (i.t.). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc testing by Tukey.

FIGURE 8 | Effect of peripheral MAPK on morphine-induced analgesia and hyperalgesia. Nociceptive threshold was obtained in the rat paw pressure test, before (0)
and 1, 24, 48, 72, 96, 120, 144, and 192 h after subcutaneous injection of morphine (5 mg/Kg). The ERK inhibitor (ERK-I), JNK inhibitor (JNK-I, SP660125) or p38
inhibitor (p38-I, SB20358) were injected, by intraplantar route (A) concomitantly to morphine, (B) 96 h after morphine (t = 96 h). Data represent mean values ± SEM
for six rats per group. ∗ significantly different from baseline (0). The arrows indicate the time of inhibitors administration. Data were analyzed by two-way analysis of
variance (ANOVA) with post hoc testing by Tukey.
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FIGURE 9 | cAMP-responsive element binding protein (CREB) activation mediates morphine-induced delayed hyperalgesia. The changes in phosphorylated protein
levels of CREB were determined by immunobloting, in lumbar spinal cord obtained 1, 96, 120, 144, and 168 h after morphine injection (5 mg/Kg, s.c.).
(A) Representative blots (B) percentage changes in the phosphorylated CREB levels in the total lysate of lumbar spinal cord compared to saline treated animals. The
ODN antisense or mismatch (30 µg/10 µL) were injected by intrathecal route 5 days prior morphine and every other day afterward. (C) Representative blots of CREB
expression after injection of ODN antisense or mismatch. (D) Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1, 24, 48, 72, and 96 h
after subcutaneous injection of morphine (5 mg/Kg, s.c.) in the presence of ODN antisense or mismatch. Data are presented as mean ± SEM and expressed as %
of control (saline) animals. ∗ significantly different from mean values of saline treated animals, n = 6 per group (p < 0.05). Data were analyzed by one-way (B) and (D)
two-way analysis of variance (ANOVA) with post hoc testing by Tukey.

completely abolished by the antisense-ODN against the CREB.
These data suggest that CREB activation plays a critical role in
morphine-induced hyperalgesia. The decrease in phosphorylated
CREB expression was confirmed by Western blot.

A Single Injection of Morphine Is
Sufficient to Up-Regulates
Transcriptional Factors Related to
MAPK-CREB Pathway
Phosphorylated CREB is able to bind to the calcium/cAMP
response elements (CalCRE) in the promoter regions of the
genes, such as immediate early genes. Then, we performed
an exploratory study evaluating the mRNA expression of
transcription factors involved MAPK-CREB signaling that may
regulate the morphine-induced hyperalgesia. This experiment
was performed in samples from spinal cord collected 96 h after
morphine, the time point when the hyperalgesia is first detected.
Morphine injection up regulates the mRNA expression of MYC
(2.5 fold), FOS B (5.6 fold), and cJUN (37.6 fold) (Figure 10).

Together, these data reinforce the functional importance of
MAPK in morphine-induced signaling and provide evidences
that morphine can be compared to a stress-related stimulus.

DISCUSSION

Our data revealed that a single injection of morphine induces
an early analgesic effect characterized by an increase in the
nociceptive threshold, followed by a delayed hyperalgesia, i.e., a
long-lasting decrease in the nociceptive threshold. Moreover, we
provided behavioral and biochemical evidences that the MAPK
signaling pathway, especially JNK and p38, and CREB activation
are critical for the opioid-induced long-lasting hyperalgesia.

In our study, we first evaluated the subcutaneous morphine
effects on the mechanical threshold of rats. Morphine at
5 mg/Kg induces an early analgesia (1 h after injection)
followed by mechanical hyperalgesia that begins 4 days after
injection and lasts for 2 days. We also showed that rats do
not develop delayed hyperalgesia when morphine is locally
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FIGURE 10 | Morphine systemic injection effect on gene expression of MYC (A), Fos B (B), and cJUN (C) transcriptional factors. The changes in mRNA levels of
immediate early genes were determined by real time PCR, in dorsal root ganglia (DRG) obtained 96 h after morphine injection (5 mg/Kg). Data are presented as
mean of 6 animals ± SEM and expressed as % of control (saline treated) animals. ∗ significantly different from mean values of naïve animals (p < 0.05). Data were
analyzed by one-way analysis of variance (ANOVA) with post hoc testing by Tukey.

(i.pl.) administered. Importantly, the doses used in the i.pl.
injections displayed a local effect because anti-nociception was
only detected in the paw injected with the drug and not
in the contralateral paw. These results could suggest that a
central morphine action would be required to the delayed
hyperalgesia development. However, morphine at 5 mg/Kg also
induces thermal hyperalgesia, which started earlier as compared
to the mechanical hyperalgesia. We do not have experimental
data to explain the time separation between thermal and
mechanical hyperalgesia. However, electrophysiological studies
have subdivided Aδ nociceptors into two main classes (Basbaum
et al., 2009). First, type I, that respond to both mechanical
and chemical stimuli and, type II Aδ, that have a much lower
heat threshold but a very high mechanical threshold and is
responsible to mediate the first acute pain response to noxious
heat. Then, is possible that in our experimental conditions,
distinctive nociceptive afferents can be activated by thermal
and/or mechanical stimuli and induce different hyperalgesic
responses, in addition to the central site of action. Another
hypothesis for the differences detected between thermal and
mechanical responses is that while Randall Selitto test applies
an increasing force to determine the mechanical nociceptive
threshold, the Hargreaves thermal test evaluates the nociceptive
reaction latencies in response to a thermal aversive stimulus.
Therefore, there is a limitation in our study since we did
not determine the thermal nociceptive threshold, which makes
challenging the comparison between these two tests. Methods
that slowly increase thermal stimulus would be beneficial to make
a better comparison with the paw pressure test (Yalcin et al., 2009;
Alshahrani et al., 2012). Further studies are needed to address this
interesting issue.

To our knowledge, the present study is the first one to
demonstrate that a single dose of systemic morphine is sufficient
to induce mechanical and thermal hyperalgesia. Importantly, the
development of delayed hyperalgesia was unaffected by PGE2
injection, suggesting that morphine hyperalgesic effect does not
depend or are altered by sensitization of neuron peripheral
terminals (Ferreira and Lorenzetti, 1981; Zambelli et al., 2014).
On the other hand, the magnitude of morphine-induced

analgesia in PGE2 sensitized rats was the same as for naïve (non-
sensitized) rats. Clinical and experimental results have shown
that the peripheral analgesic efficacy of opioids is enhanced
in the presence of inflammation and tissue injury (Stein,
1993, Obara et al., 2009, Stein and Lang, 2009). Our group
previously demonstrated that the PGE2 intraplantar injection
increases the activation of the µ- and κ-opioid receptors by
their corresponding agonist, enhancing the agonist‘s analgesic
effect. We showed that PGE2 up-regulates the peripheral protein
expression levels of the mu- and kappa-opioid receptors and
activates specific intracellular signaling pathways (MAPKs and
PKCζ) that may contribute to the analgesic effect (Zambelli et al.,
2014). Therefore, despite the marked hyperalgesia induced by
PGE2, this eicosanoid enhances the morphine efficacy, without
interfering with the hyperalgesia development.

It is important to mention that the analgesia produced by
intraplantar morphine was not dose-dependent. In our study,
the mechanical nociceptive testing was applied on the dorsal
surface of the hind paw and the injections were performed
on the plantar surface. Therefore, we cannot rule out the
possibility that this effect may be related to testing at a site
distal from the site of administration of morphine. Further
studies are necessary to address whether different sites of
injection and nociceptive evaluation interfere with the pain
threshold recording. However, there are reports showing that
the paw pressure test, applied to the dorsal surface of the rat
paw, is as sensitive as the electronic von Frey applied to the
injection site (plantar surface). Both methods detected time vs.
treatment and dose vs. time interactions in prostaglandin E2
and carrageenan-induced hypernociception, indicating that the
site of stimulus application (dorsal or plantar side of the paw)
may not interfere with the detection of dose-response curves
(Vivancos et al., 2004).

Several studies have reported a progressive reduction of
baseline thresholds after daily systemic opioid injections, during
10 days (Corder et al., 2017), or after opioid escalating doses
(Shimoyama et al., 1996; Corder et al., 2017), or by continuous
infusion these drugs for 7 days (Horvath et al., 2010). Despite
these evidences, few studies monitored the nociceptive threshold
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for several days after an acute morphine injection. In this respect,
Van Elstraete et al. (2005) showed that a single intrathecal
injection of morphine induces short time analgesia, followed by
a long-lasting (48 h) hyperalgesia (Van Elstraete et al., 2005).
In this study, delayed hyperalgesia after an equivalent single
dose of systemic morphine was significantly less during the
first 2 days after morphine administration. Similarly, our data
shows that spinal mechanisms are involved in the morphine
hyperalgesic effect after a single injection of morphine. It is
important to mention that recent studies reported that repeated
systemic injection of morphine induces hyperalgesia mediated by
peripheral mu-opioid receptors (Corder et al., 2017), suggesting
that distinct mechanisms may be involved in the delayed
hyperalgesia detected in our study. However, there is strong
evidence showing that a single systemic morphine injection
sensitize central and peripheral terminals. In fact, Ferrari et al.
(2019) demonstrated that systemic morphine prolongs the
mechanical hyperalgesia produced by PGE2, when evaluated
5 days after morphine injection. Therefore, despite the absence of
hyperalgesia after morphine intraplantar injection, the peripheral
nociceptors may be sensitized and much more susceptible to
chronic hyperalgesia development after an insult.

The fact that morphine induces an adaptive process at
molecular, synaptic, cellular and circuit levels (Rivat and
Ballantyne, 2016) suggests that morphine-induced hyperalgesia
and pathological pain may share common cellular mechanisms
(Christie, 2008). Studies have shown that ERK1/2, JNK, and p38
are involved with the effects of chronic morphine exposure and
that quinases modulate morphine-induced analgesic tolerance.
Intrathecal administration of the selective p38, ERK, or JNK
inhibitors significantly reduced morphine-induced tolerance and
associated thermal hyperalgesia by suppressing the morphine-
induced increase of TRPV1 expression (Chen et al., 2008).
However, the role of MAPKs after a single systemic injection
of morphine in the nociceptive threshold is unknown. Our
biochemical results indicate that the levels of phosphorylated
ERK1/2 in spinal cord are elevated in periods that correlate
with morphine-induced analgesia (1 h) and delayed hyperalgesia
(96 h). On the other hand, the increased phosphorylation
levels of p38 and JNK only correlate with the delayed
hyperalgesia. The fact that we did not detect increased JNK
phosphorylation at 120 and 144 h and p38 phosphorylation at
144 h does not exclude their participation in morphine-induced
hyperalgesia. MAPKs can be transiently phosphorylated and
dephosphorylated, activating downstream signaling pathways
that may be involved in the long-lasting biological effects.
Interestingly, our functional studies showed that the i.t. injection
of p38 and JNK inhibitors, but not ERK1/2 inhibitor, abrogate
the morphine-induced delayed hyperalgesia. The analgesic
effect was partially decreased by the ERK1/2 inhibitor, but
not by p38 and JNK inhibitors. Here, we did not examine
the levels of ERK, p38, and JNK after the pharmacological
inhibition, but the efficacy of these drugs have been extensively
reported (Qu et al., 2016). In this regard, the i.t. injection
of these inhibitors not only diminished protein expression
of p38, ERK, and JNK in the pain pathways but also
affected the level of gene expressions (Qu et al., 2016). We

should mention that the doses of the inhibitors used in
this study were chosen based on their optimal effects as
observed in previous dose-response studies (Wang et al., 2009;
Deng et al., 2018).

Taken together, the behavioral and biochemical data provide
strong evidence that a single s.c. morphine injection induces a
biphasic response: analgesia followed by a delayed hyperalgesia
mediated, at least in part, by spinal ERK1/2 and p38/JNK
activation, respectively. Importantly, despite the increased
ERK1/2 phosphorylation levels, the ERK inhibition is not
sufficient to prevent the delayed hyperalgesia. Therefore, our data
suggest that morphine sensitizes the spinal cord through p38
and JNK leading to an reduction in the mechanical threshold
and consequently onset of hyperalgesia. Despite the fact that
ERK1/2 plays a minor role in our model, we do not exclude
the role of this kinase in morphine effects. Several reports
demonstrate that ERK1/2 mediates morphine-induced tolerance
(Ma et al., 2001; Sanna et al., 2014), and the present findings
do not exclude the possibility that spinal ERK1/2 activation
by prolonged systemic or intrathecal morphine can contribute
to the decrease of nociceptive thresholds. It is important to
stress that our experiments were performed using total protein
extracts from lumbar spinal cord, so, identification of cell types
that mediate MAPK activation needs to be determined by
immunofluorescence studies.

Mitogen-activated protein kinases are fundamental players for
the onset and maintenance of pain. Their activation produce
intracellular responses by changing transcription as well as
by posttranslational and translational modification of target
proteins. Phosphorylated CREB binds to the calcium/cAMP
response elements (CalCRE) in the promoter regions of
a number of immediate early genes (c-Jun, Jun-B, Jun-D,
c-Myc, c-Fos, and Fos B) and neuropeptide genes (Kanjhan,
1995). In our study, a single morphine injection increased
CREB phosphorylation in the spinal cord, in a period of
time that correlates to the mechanical hyperalgesia initiation.
Our functional studies using antisense to knockdown the
CREB expression showed that this protein is critical for the
delayed hyperalgesia development. Despite our results, the
role of JNK and p38 in CREB phosphorylation remain to
be elucidated; however, we speculate that a single injection
of systemic morphine induces hyperalgesia by activating
p38 and JNK that, in turn, activates CREB. Studies have
demonstrated that chronic morphine administration induces an
increase in CREB phosphorylation and neuropeptide release
mediated by ERK1/2 and p38, with JNK kinase pathways
playing a lesser role in these effects (Ma et al., 2001;
Wang et al., 2009).

The immediate-early genes encode transcription factors that
function to regulate the expression of other so-called late
response genes and therefore can trigger a cascade of events that
may lead to functional and morphological alterations of neuronal
and non-neuronal cells. Our exploratory study demonstrates that
the early genes such as c-Myc, Fos-B, and c-Jun are upregulated
96 h after morphine injection, with c-Jun being increased more
than thirty times. Of note, c-Jun responds to stress-related stimuli
and is the major transcription factor downstream JNK. These
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data reinforce our behavioral data showing that a single injection
of morphine is able to induce neuropathological changes in the
spinal cord. The activation of JNK and p38 induced by morphine
may participate in the delayed hyperalgesia by regulating the
downstream targets, such as calcitonin gene-related peptide,
substance P, nitric oxide, transient receptor potential vanilloid 1,
and proinflammatory cytokines.

Taken together, our findings show that a single analgesic dose
of morphine results in activation of a pronociceptive system as
demonstrated by the reduction of nociceptive thresholds through
the activation the MAPK-CREB signaling. The fact that a short-
term administration of an opioid can enhance hyperalgesia may
be of clinical importance due to the possibility of analgesia
counteraction and/or paradoxical enhancement of a pre-existing
pain condition during opioid therapy.
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FIGURE S1 | Effect of MAPK inhibition on prostaglandin E2-induced hyperalgesia.
Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 3,
4, and 6 h after intraplantar PGE2 injection (100 ng/paw). MEK inhibitor (PD 9805)
was injected in the paw (30 µg/paw). Data represent mean values ± SEM for six
rats per group. ∗ significantly different from baseline (0). Data were analyzed by
two-way analysis of variance (ANOVA) with post hoc testing by Tukey.

FIGURE S2 | Effect of MAPK inhibitors per se on the rat nociceptive threshold.
Nociceptive threshold was obtained in the rat paw pressure test, before (0) and 1,
3, and 24 h after subcutaneous intrathecal injection of ERK inhibitor (ERK-I), JNK
inhibitor (JNK-I, SP660125), or p38 inhibitor (p38-I, SB20358). Data represent
mean values ± SEM for six rats per group. ∗ significantly different from baseline
(0). Data were analyzed by two-way analysis of variance (ANOVA) with post hoc
testing by Tukey.
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