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Undoubtedly, opioid drugs have been the most popular treatment for refractory pain
since found, such as morphine. However, tolerance to the analgesic effects caused by
repeated use is inevitable, which greatly limits the clinical application of these drugs.
Nowadays, it has become the focus of the world that further development of non-
opioid-based treatment along with efficient strategies to circumvent opioid tolerance are
urgently needed clinically. Fortunately, electro-acupuncture (EA) provides an alternative
to pharmaceutic treatment, remaining its potential mechanisms unclear although. This
study was aimed to observe the effects of EA on morphine-induced tolerance in
mice and discover its underlying mechanism. Tail-flick assay and hot-plate test were
conducted to assess the development of tolerance to morphine-induced analgesia
effect. As a result of repeated administration scheme (10 mg/kg, twice per day, for
7 days), approximately a two-fold increase was observed in the effective dose of
50% (ED50) of morphine-induced antinociceptive effect. Interestingly, by EA treatment
(2/100Hz, 0.5, 1.0, and 1.5 mA, 30 min/day for 7 days) at the acupoints Zusanli (ST36)
and Sanyinjiao (SP6), morphine ED50 curves was remarkably leftward shifted on day 8.
In addition, the RNA sequencing strategy was used to reveal the potential mechanisms.
Due to the well described relevance of cyclic adenosine monophosphate (cAMP), protein
kinase A (PKA), extracellular regulated protein kinases (ERK), and cAMP response
element-binding (CREB) in brainstem (BS) to analgesia tolerance, the cAMP-PKA/ERK-
CREB signaling was deeply concerned in this study. Based upon Enzyme-Linked
Immunosorbent Assay, the up-regulation of the cAMP level was observed, whereas
reversed with EA treatment. Similarly, western blot revealed the phosphorylation levels
of PKA, ERK, and CREB were up-regulated in morphine tolerant mice, whereas the EA
group showed a significantly reduced expression level instead. This study observed
an attenuating effect of the EA at ST36 and SP6 on morphine tolerance in mice,
and suggested several potential biological targets by RNA-seq, which include the
cAMP-PKA/ERK-CREB signaling pathway, strongly supporting a useful treatment for
combatting the opioid epidemic, and opioid-tolerant patients.
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INTRODUCTION

Opioid analgesics, such as morphine, have been broadly used
for managing moderate to severe pain management over the
past decades (Caudill-Slosberg et al., 2004). However, following
long-term use of opioids, there may be disturbing side effects,
including analgesia tolerance, hyperalgesia, and dependence, etc.,
which seriously limits their clinical application and annoys the
patients (DeWire et al., 2013). Morphine tolerance is probably
the main cause of diminished pain control and dose escalation
resulting in more widespread side effects. Consequently, in
spite of pharmaceutic treatment, it is still a global urgent
need to develop safe and efficient strategies to reduce opioid
tolerance. As a critical part of Traditional Chinese Medicine,
acupuncture is widely recommended for treating with a wide
variety of diseases, which is accepted by the World Health
Organization (Zhang et al., 2014). Combined with electrical
stimulation, a relatively novel form of acupuncture, which is
also known as electro-acupuncture (EA), has been widely used
and documented in both clinical and experimental reports
(Zhao, 2008; Vickers et al., 2012). Numerous evidences from
trials and meta-analyses indicates that acupuncture or EA is
effective for relieving pain, which may stimulate gene expression
of neuropeptides and activate endogenous opioid mechanisms
(Kaptchuk, 2002). Meanwhile, tolerance to electroacupuncture
and its cross tolerance to morphine have been investigated
since 1981. The results indicated that EA analgesia shows no
cross-tolerance to morphine (Cheng et al., 1980; Han et al.,
1981; Li et al., 1982). However, effects of acupuncture or
electroacupuncture on morphine tolerance is remain unclear.

Morphine is an opium-derivative medication, mainly
mediated by mu-opioid receptors (MOR), which are coupled
to G transducer proteins and negatively coupled to adenylate
cyclase (AC)(Law et al., 2000; Ream and Bruchas, 2011).
Following chronic exposure to morphine, MOR-associated
biased cellular signaling pathways are involved in tolerance
(Colvin et al., 2019). Contrary to cAMP reduction induced
by acute morphine, chronic morphine was demonstrated
to induce an increase in cAMP, called cAMP overshoot or
AC superactivation (vidor-Reiss et al., 1995), that activates
protein kinase A (PKA) and has been demonstrated to promote
morphine induced-tolerance (Smith et al., 2006; Gabra et al.,
2008). Activation of cAMP-dependent kinase A results in the
phosphorylation of various transcription factors, including
CREB, which has been recognized as a major contributor to
tolerance acquisition and proved to be responsible for the
adaptive response to drug abuse (Valverde et al., 2004). It
has been described that MAPKs can participate in a series
of biochemical and behavioral changes induced by chronic
morphine (Cui et al., 2006; Chen et al., 2008; Ma et al., 2010).
Consisting of ERK1/2, JNK, and p38, the MAPKs may be
candidate downstream of G-protein-coupled receptors, which
transduces extracellular stimuli into intracellular transcriptional
and translational responses within various pathophysiological
processes (Impey et al., 1999; Widmann et al., 1999; Ji and Woolf,
2001; Ji et al., 2003). Macey et al. (2015) reported that repeated
morphine administration may recruit endocytic machinery

leading to the internalization and activation of endosomal
signaling pathways, such as the ERK pathway, which is involved
in the control of cellular responses to stress and rewarding effects
(Berhow et al., 1996).

However, EA effects on experimental animal models of
morphine-induced tolerance, particularly at the central nervous
system level, is scarcely studied. Here, we examined the effect
of EA on morphine-induced tolerance and disclosed possible
mechanisms in the effect of EA stimulation.

MATERIALS AND METHODS

Animals and Group
Male C57BL/6 mice (n = 50, 8 weeks old, SPF grade, weight
18–22 g) were obtained from the Experimental Animal Center
of Nanjing University of Chinese Medicine, Nanjing, China.
Animals were housed in a temperature-controlled environment
on a 12 h light/dark cycle with access to food and water and
a standard laboratory diet. All animals’ treatment protocols
were seriously following the International ethical guidelines and
the National Institute of Health Guide concerning the Care
and Use of Laboratory. All experiments were approved by the
committee on the Ethics of Laboratory Animal Experiments
of Nanjing University of Chinese Medicine (Ethics Certificate
NO. 201810A035). Each group contained ten mice. Behavioral
experiments were performed from 8:00 to 18:00. The design
of our animal experiments is outlined in Figure 1. To observe
the effect of EA on morphine-induced tolerance, 50 mice
were randomly divided into five groups: vehicle control group
(V + Sham group), morphine group that received sham
stimulation (M + Sham group), morphine group that received
acupuncture without electro-stimulation (M+ Sham EA group),
morphine group that received EA stimulation (M + EA group),
and morphine group that received gabapentin (M + Gaba
group). The random assignment was done by the software
SPSS (version 16).

Drugs and Routes of Administration
Morphine hydrochloride and gabapentin was purchased from
Jiangsu Medicine Co., Ltd. Morphine was diluted in isotonic
saline and administered subcutaneously (10 mg/kg). Mice were
continuously given 10mg/kg morphine twice a day (at 9 a.m.
and 4 p.m.) to induce opioid tolerance, as previously described
(Bohn et al., 2000; Xu et al., 2017). In this study, gabapentin was
used as a positive control drug to prevent and reverse chronic
opioid tolerance, which had been well established in rodents
(Shimoyama et al., 1997; Gilron et al., 2003; Hamidi et al., 2014).
Mice in the M+ Gaba group received an injection of gabapentin
diluted in saline (50 mg/kg, i.p.) immediately followed by a
morphine administration every afternoon for 7 consecutive days
(Stepanovic-Petrovic et al., 2008).

EA Treatment
EA was performed similarly to that described (Liu et al., 2020;
Wan et al., 2021; Wu C.X. et al., 2018). The mice remained
conscious, immobilized with a home-made binding device but
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FIGURE 1 | Experimental method and flow chart. (A) Schematic illustrating the experimental design of the analgesia tolerance paradigm. Animals were acclimated to
the testing environment and investigators for at least 2 weeks. Dose–response curves were determined using a cumulative dosing scheme on day 0 and day 8. The
baseline latencies of both two assays were performed at day 1. From the 1st day to the 7th day, the tail-flick test and hot-plate test will be conducted alternately to
compare the effects of different treatments on the development of morphine tolerance. (B) The Treatment and drug administration were performed as described
above in the section “Materials and Methods”. (C) Schematic diagram of mouse acupuncture points of SP6 and ST36. (D) Different treatments between groups
during the 2nd day to the 7th day.

did not struggle violently. EA (2/100Hz, 0.5–1.5 mA) was applied
to ipsilateral “Zusanli” (ST36) and “Sanyinjiao” (SP6) for 30 min,
once a day for 1 week. The positioning of acupoints follows the
standards of experimental acupuncture. The ST36 is located in
the tibialis anterior muscle, approximately 3mm below the knee
joint. SP6 is located approximately 3 mm proximal to the largest
medial eminence of the posterior malleolus and between the
Achilles tendon and the distal tibia. Sterile acupuncture needles
(size: 0.30 × 5 mm; Beijing Zhongyan Taihe Medical Instrument
Co, Ltd., Beijing, China) were inserted perpendicularly to a
depth of 1 to 3 mm into the two acupoints. Han’s Acupoint
Nerve Stimulator (WQ1002F, Beijing, China) provides an electro-
stimulation of 30 min at a frequency of 2/100 Hz and at an
intensity level of 0.5-1.0-1.5 mA to produce slight twitches in
the limbs. After EA, the mice were allowed to completely free
from a self-made binding instrument and further acclimatized
in the cage. Mice from the EA group were treated by EA every
afternoon for 7 days, whereas mice from the M + Sham group
were subjected to sham EA. The animals in the M + Sham
group or M + Gaba group were merely bound for 30 min in
the similar self-made binding device, while other groups were
treated with acupuncture or electroacupuncture. Mice in the
M + Sham EA group received needle insertions at bilateral
ST 36 and SP 6 acupoints without any electrical stimulation,

to compare with the effects of EA on morphine tolerance. In
this study, the manual acupuncture is defined as only inserting
needles but without any extra handling. The main difference
between MA and EA is whether the needles are electrified or
not. To reduce the stress as much as possible, the acupuncture or
electroacupuncture treatment was performed in a quiet, isolated
room with temperature and light control between 2 pm and
4 pm. Besides, only the experimenter and assistant had free
access to the room and entered the room 30 min before the
treatment to eliminate potential olfactory- or auditory-induced
stress. The electrical current of the EA stimulation was gradually
increased from 0.5 to 1.5 mA during the treatment to minimize
the discomfort of animals.

Thermal Antinociception Assays
To assess the analgesic properties of morphine, the tail-flick
assay and hot-plate test were carried out throughout this study
as described with slight modification (Xu et al., 2017; Kliewer
et al., 2019), both of which are highly reproducible and predictive
of analgesic activity of human body (Pasternak and Pan, 2013).
The investigator who performed the experiments was blinded to
the treatment of each animal. Animals were acclimated to the
testing environment and investigators for at least 2 weeks and
randomly assigned to groups before testing. Test every 5 min,
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the same mouse is measured three times and then the average
value was taken as the latency. The baseline latencies of both two
assays were performed at day 1 (Figure 1A). Considering that
either gabapentin or acupuncture (or EA) may induce certain
antinociceptive effect in rodents (Stepanovic-Petrovic et al., 2008;
Yu J. et al., 2019), meanwhile, in order to ensure that animals
had returned to their basal nociceptive latencies, the basal latency
would be measured before the challenging test.

Hot-plate test. On the 1st, 3nd, 5th, and 7th day, the paw
withdrawal latencies were assessed on a hot-plate maintained at
56◦C (Figure 1A). To avoid tissue damage, we used a 40-s cut
off. The hot-plate test was carried out 30 min after morphine
administration and expressed as percent maximum possible effect
(% MPE), calculated as follows: 100 × [(response latency-basal
response latency)/(40 s-basal response latency)].

Tail-flick test. Morphine antinociceptive effect was also
performed with the tail-flick assay on the 2nd, 4th, and 6th
day (Figure 1A), with a maximal latency of 16 sec to prevent
tissue damage, Baseline latencies typically ranged around 3–
4 s. The assay was carried out 30 min following a challenging
dose (10 mg/kg, s.c.) of morphine administration. And data
are presented as percent maximum possible effect (% MPE)
according to the formula:% MPE = [(latency after drug-baseline
latency)/(16- baseline latency) ∗100]. As shown in Figure 1A,
dose–response curves were determined using a cumulative
dosing scheme by the tail-flick assay on day 0 and day 8. Mice
were injected at 30min intervals with 2, 4, 8, 16, 32, and 32 mg
kg−1 morphine to yield final cumulative doses of 4, 8, 16, 32, 64,
and 96 mg/kg morphine, and latencies were measured 30 min
after drug administration, immediately followed by additional
drug except for the last dose. ED50 values with 95% confidence
intervals were determined using non-linear regression analysis
(GraphPad Prism8).

Tissue Extraction
All experimental animals were anesthetized with isoflurane
(RWD, Nanjing, China). The concentration of induced anesthesia
was 3–5% for tissue extraction. The animals’ brain stem was
dissected quickly on a mouse Plexiglas brain mold on ice and put
in liquid nitrogen for quick freezing. Then the tissues were stored
at –80◦C until tissue processing.

RNA Sequencing and Bioinformatics
Analysis
To investigate the underlying molecular mechanism and
signaling pathways associated with EA treatment on morphine-
induced tolerance, the brainstem was disserted and prepared
for high-throughput sequencing. Totally, five samples per group
(M + Sham and M + EA group) were sent for RNA sequencing.
According to the manufacturer’s protocol, total RNA was
extracted by Trizol (Takara, Japan) from the tissue. Following
treatment with an rRNA remover kit (Illumina, United States),
ribosomal RNAs (rRNAs) were effectively depleted to enrich pure
RNAs. Use TruSeq RNA Sample Preparation Kit (Illumina) to
build RNA library. Sequencing was done by Illumina Hiseq 2000
(Illumina, United States). Fold change values of >2 or < 0.05

and P < 0.05 were considered as differentially expressed genes.
The data has been uploaded to the repository in public. to
the public repository. The BioProject accession number is
PRJNA721259, which allow searching in Entrez. Our SRA records
is accessible with the following link: https://www.ncbi.nlm.nih.
gov/sra/PRJNA721259.

Enzyme-Linked Immunosorbent Assay
(ELISA)
After homogenizing and centrifuging the mouse BS, the
supernatant was used to measure the concentration of cAMP
using an ELISA kit (Yu Q. et al., 2019). The expression
levels of cAMP in the mouse BS were determined by the
ELISA immunoassay according to the manufacturer’s protocol.
All samples were assayed in duplicate. The concentration was
calculated by the absorbance at 450nm. The corresponding
sample concentration was calculated according to the OD value.

Western Blot
The method of Western blotting was performed according
to previous with minor modifications (Zhao et al., 2010). In
brief, BS was isolated in protein lysate buffer with proteinase
inhibitor phenylmethanesulfonylfluoride fluoride (PMSF) and
phosphatase inhibitors. After centrifugation of the lysates
(12,000 g, 10 min at 4◦C), the protein concentration of
each sample was determined by a BCA assay kit (Beyotime
Biotechnology, Shanghai, China). Equal volumes of protein were
added to each well and separated by 12% SDS-PAGE and were
then transferred to a PVDF membrane. The membranes were
blocked in TBST containing Tween-20 (0.1%) and BSA (5%) at
room temperature for 1 h. After blocking, the membranes were
incubated with primary antibodies for p-ERK (1:1000 dilution),
ERK (1:1000 dilution), p-PKA (1:1000 dilution), PKA (1:1000
dilution), p-CREB (1:1000 dilution), CREB (1:1000 dilution) or
β-actin (1: 1000 dilution) overnight at 4◦C. After washing three
times with TBST, the membranes were incubated with HRP
conjugated anti-rabbit antibody (1:2000 dilution) in the TBST
buffer at room temperature for 1 h. The membranes were further
washed, and protein bands were identified by an enhanced
chemiluminescence (ECL) reagent (Millipore, United States),
imaged with a gel imaging system (Tanon, China), and quantified
using Tanon image program. Data are presented as the ratio of
phosphorylation proteins to total proteins.

Antibodies against ERK1/2 (#4695), phospho-ERK1/2
(#4370), PKA C (#4782s), phospho-PKA C (#5661s), CREB
(#9197s), phospho-CREB (#9198s), β-actin (#4970s), and
HRP-conjugated anti-rabbit secondary antibody (#7074s) were
obtained from Cell Signaling Technology, United States.

RNA Isolation and Quantitative Reverse
Transcription (qRT)-PCR
RNA was extracted using trizol (Takara, Japan) following the
protocols supplied by the manufacturer. Brief, the mouse BS was
collected and homogenized in 1ml of trizol on ice. Total RNA
(1µg) was reverse-transcribed into cDNA using PrimeScript
RT kit (Toyobo, Japan). Then, real-time PCR was conducted
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using SYBR R© Green (Takara, Japan) following the manufacturer’s
instructions. The primer sequences of the top 5 up-regulated and
top 5 down-regulated are shown in Table 1.

Statistical Analysis
All of the results are expressed as the mean ± s.e.m. Data were
analyzed by GraphPad Prism software 8.0 using Student’s t tests,
or ordinary or repeated measures one-way or two-way ANOVA,
with a Bonferroni post hoc test, as indicated in figure captions. For
dose-response curves, the best-fit line was generated following
non-linear regression analysis based on the% Maximum Possible
Effect (MPE) for each mouse; calculated as: MPE = [(drug
induced threshold – basal threshold)/basal threshold]× 100.

RESULTS

EA Ameliorated Morphine-Induced
Analgesic Tolerance
To confirm the effects of EA on the morphine-induced analgesic
tolerance, mice were treated with morphine twice daily for 7
consecutive days and evaluated by hotplate test (An odd number
of days) and tail-flick test (in the even days). The experimental
process is shown in Figure 1. Mice were treated twice a day
with morphine (10 mg/kg, s.c.), antinociception assessed 30 min
after the first injection on the days indicated. Following 24h after
morphine, significant antinociception were observed both in the
tail-flick (Figure 2A) and hot-plate tests (Figure 2B) compared
with the group that had received the vehicle. On day 6 or 7,
antinociceptive tolerance to morphine had developed in both
tests, but no morphine-induced hyperalgesia was observed in
either of the tests. On day 6, M + Sham EA, M + EA, and

TABLE 1 | Primer sequences.

Gene name Primer type Primer sequences (5′-3′)

CHRNA6 Forwad CCTGCACTCCGGTTTATGTCT

Reverse AGCGGTTGTAGTGAGCAAACA

CEBPβ Forwad ACCAACCGCACAT GCAGAT

Reverse GCAGAGGGAGAAGCAGAGAGTTT

PDE2A Forwad GCCGTTATCGACATTGCTGG

Reverse CCCCATCTAGCAGGTAGGTGTA

TM4SF4 Forwad AAGCCACCTTTCGGATGAGG

Reverse CGCAGCAGTCGTTGTTCTG

KLHL38 Forwad TGAGGAGT T ACCAGATGGGGT

Reverse CAGTCAGGATCTTGCTTTGTCTT

ICAM4 Forwad AATACACTTTGCGCTGCCACGTG

Reverse GGCTCCAAGCGAGCATCAGTG

0IT3 Forwad CTGATCCGTGTTGTGGTCTTC

Reverse GTGGCAGACGAATTGTTTTCC

CRHBP Forwad ATGTCACCGAACTTCAAACTCC

Reverse TTCTTGCACCTCTAGGTAGCG

PYY Forwad ACGGTCGCAATGCTGCTAAT

Reverse GCTGCGGGGACATCTCTTTTT

0LFM4 Forwad CAGCCACTTTCCAATTTCACTG

Reverse GCTGGACATACTCCTTCACCTTA

M + Gaba group mice showed a significant analgesic effect
in the assay, and the MPE value could reach approximately
75%. However, there was no significant difference between the
M + Sham EA group and the M + EA group (Figure 2A,
P > 0.05). On day 5, in the hotplate experiment, M + Gaba
and M + EA mice showed a significant analgesic effect, and the
MPE value could approximately reach 65%. However, there was
no significant difference between the M + Sham group and the
M+ Sham EA group (Figure 2B, P > 0.05).

Then we examined the effectiveness of morphine in a dose-
response scheme, comparing responsiveness on day 0 to that on
day 8. Notably, after chronic daily administration, the M + EA
mice and M + Gaba mice had a similar experience of a
shift in their sensitivity to morphine, whereas, the M + Sham
mice experienced a significant rightward shift in efficacy after
continued treatment (Figure 2C).

EA Changed Gene Expression Profiles of
the Brainstem of Morphine Tolerant Mice
We further investigated the potential molecular mechanism
after confirming the effects of EA on morphine-induced mice,
using the next-generation high-throughput sequencing for RNA-
seq of BS. RNA was extracted from the BS, a brain area that
is highly associated with tolerance, in the M + Sham, and
the M + EA group. Then, unbiased deep sequencing was
performed in the two groups. The general analysis results of the
sequencing data are shown in Supplementary Material. In order
to determine the regulation of mRNA expression, we performed
an unsupervised cluster analysis of the significantly regulated
genes in BS (Figure 3A). Fifty-three genes were significantly and
differentially expressed in M + EA mice relative to M + Sham
mice, with 11 upregulated genes and 42 downregulated genes
(Figures 3B,C).

In order to show the possible cellular functions related
to differentially expressed genes, we used gene ontology
(GO) to enrich the analysis of differentially expressed genes
across three domains, including molecular function (MF), cell
composition (CC), and biological process (BP) (Figure 4A).
We use all the obtained genes to perform GO function
analysis to annotate and infer the function of the gene. The
genes involved in cellular process, cellular response to the
alkaloid, synaptic transmission, dopaminergic, cellular response
to cAMP, excitatory extracellular ligand-gated ion channel
activity, neurotransmitter binding, extracellular ligand-gated ion
channel activity, 3′,5′-cyclic-AMP phosphodiesterase activity,
secondary lysosome, and acetylcholine-gated channel complex
have been reported to be related to morphine. The analysis
of the Kyoto Encyclopedia of Genes and Genomes (KEGG)
indicated that these genes mainly participated in metabolism,
Nicotine addiction, Morphine addiction, cGMP-PKG signaling
pathway, Tuberculosis, and other human diseases (Figure 4B).
Among these pathways, neuroactive ligand-receptor interaction,
TNF signaling pathway, Phenylalanine metabolism, Nicotine
addiction, IL-17 signaling pathway, Morphine addiction, and
Cholinergic synapse are related to morphine-induced tolerance.
We used qPCR to verify the up-regulation and down-regulation
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FIGURE 2 | Morphine-induced chronic tolerance evaluated by (A) tail-flick and (B) hot-plate. Mice were treated daily with morphine (10 mg per kg, s.c.);
antinociception was assessed 30 min after the injection on the days indicated. Symbols in graphs on left side represent mean ± SEM maximum possible effect (%
MPE) or the time of latency. The data were analyzed with two-way ANOVA followed by Bonferroni post hoc tests. F (6,74) = 1.477, F (6,74) = 1.317. ∗P < 0.05,
∗∗P < 0.01, and ∗∗∗P < 0.001 compared to M + Sham_After. In hot-plate, day 3: left, F (3,26) = 3.369; right, F (3,26) = 5.410. day 5: left, F (3,25) = 3.538; right,
F (3,25) = 7.188. #P < 0.05, ##P < 0.01, M + GABA_After vs. M + Sham_After. (C) Dose-response curves were determined by tail-flick assay using a cumulative
dosing scheme on day 0 to day 8. On day 1, mice were treated with 1, 2, 4, 8, and 16 mg per kg morphine (s.c.). On day 8, mice were again challenged with 4, 8,
16, 32, 64, and 96 mg per kg morphine (s.c.). ED50 (50% effective dose) values were calculated by non-linear regression analysis (GraphPad Prism). Each point in
graphs represents mean ± SEM maximum possible effect (% MPE). Dotted lines indicate 50% MPE; 95% confidence intervals: day 0: 7.368 (6.859 to 7.894); day 8:
M + Sham, 38.17 (30.41 to 47.10); M + Sham EA, 21.18 (15.94 to 28.44); M + EA, 18.00 (13.37 to 24.12); M + Gaba, 14.79 (11.36 to 19.13).

of the top five genes, and the results were consistent with the test
results (Figures 5A,B).

Protein Expression of cAMP-p-PKA Was
Regulated in Morphine Tolerant Mice
With EA
To verify the effects of EA on BS cAMP-p-PKA expression in
morphine tolerant mice, the levels of cAMP were evaluated
using ELISA. Compared with the V + Sham group, the levels
of cAMP were significantly increased in morphine tolerant mice
(M + Sham group) (P < 0.05). However, the level of cAMP was
significantly decreased in M + EA group (Figure 6B, P < 0.05).
Based upon the Western blot, the expression of p-PKA and PKA
in mice BS region was also evaluated. The protein expression of
p-PKA in the M + Sham group was significantly higher than
V+ Sham group, which was significantly reduced in the M+ EA
group (Figures 6A,C, P < 0.05).

Protein Expression of cAMP-p-PKA Was
Altered in Morphine Tolerant Mice With
EA
Although the mechanism of opioid tolerance remains
incompletely understood, it has been well documented that

the activation of extracellular signal-regulated kinases (ERK) is
prevailingly involved in signaling pathways in opioid-induced
tolerance (Xu et al., 2017). Therefore, the protein expression of
ERK and p-ERK was evaluated by the Western blot. Furthermore,
as one of its downstream pathways, the expression of CREB
and p-CREB were also evaluated. Consistent with previous
observations, we found morphine-induced improve the levels
of the p-ERK, whereas there were no changes in total levels of
ERK in the BS. After the treatment of EA, p-ERK was decreased
compared to the M + Sham group (Figures 6A,E, P < 0.01).
Simultaneously, we found an increase in the levels of p-CREB
(Figures 6A,D, P < 0.01), with no change in total CREB levels.

DISCUSSION

Long-term use of morphine will produce morphine tolerance,
which leads to a decrease in analgesic effect. Alternatively,
tolerance can be understood as the need to increase the dose of
the drug to maintain the response. Clinically, this often is seen
over days to weeks, and it is the same in animal models tolerance.
Morphine, at analgesic doses, can enhance the inhibitory control
of the downward pain regulation pathway derived from the
brainstem. Therefore, there is an urgent need to develop strategies
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FIGURE 3 | Differential expression of genes. (A,B) Heat map of differentially expressed genes regulated by morphine or EA. Each row represents one differentially
expressed gene; each column represents one sample. The dendrogram on the left reveals the gene clustering. Green and red spectrum colors indicating
downregulated and upregulated expression, respectively. (C) Volcano plot. X-axis: log2(fold change); Y-axis: log10(P-value). The red points represent gene that were
significantly up-regulated; the blue points represent gene that were significantly down-regulated. EA, electro-acupuncture.

that can replace opioid pain management and develop strategies
to reduce opioid tolerance. EA has been extensively used for
treating various diseases, especially pain.

In this study, we first observed the effects of EA on morphine-
induced tolerance. According to our results, after 24h of
morphine injection, in the tail-flick test and the hot plate test,
a significant analgesic effect was observed compared with the
group receiving the vehicle. From the 2nd day of the study, a
gradual decrease in the latency of tail withdrawal in the tail-flick
test can be observed, indicating the development of tolerance to
morphine analgesia. On the 4th day of the experiment, it can be
observed that the mice in the M + Sham group showed obvious
tolerance, and the MPE value was only about 50%. By the 6th
day, the tolerance of the mice was more obvious, and the MPE
value was lower than 50%. However, concurrent treat with EA
(2/100 Hz, 0.5, 1.0, and 1.5 mA, 30 min) for 7 days effectively
prevented the development of tolerance to morphine analgesia in
the tail-flick test. The M + Sham EA group and the M + Gaba
group were equally effective in preventing the development of
morphine labor tolerance (Figure 2C).

However, the results of the hot-plate and tail-flick are different.
According to our research results, on the 3rd day of morphine
injection, mice in the M + Sham group and M + Sham EA
group both showed obvious and similar tolerance, and the

MPE value was only about 55%. At this time, the mice in the
M + EA and M + Gaba groups still had a strong analgesic
effect, and the MPE value could reach about 85%. By the 5th
day, the tolerance of the mice was more obvious, and the
MPE values of mice in the M + Sham group and M + Sham
EA group were reduced to about 25%. However, although the
MPE value of mice in the M + EA and M + Gaba groups
was lower than that on the third day, it still reached about
55%. This also proves that the third day of continuous EA
treatment can effectively prevent the development of morphine
antinociceptive tolerance. The M + Gaba group was equally
effective in preventing the development of morphine labor
tolerance. On day 7, the analgesic effect of mice in each
group was reduced to about 25%. The difference between
hot plate latency and tail-flick latency may be because each
method mainly reflects different levels of nociception in the
central nervous system (Irwin et al., 1951; Dennis et al., 1980;
Ramabadran and Bansinath, 1986). It could also be attributed
to the different sensitivity of the two methods. It was assumed
previously that the hot-plate predominantly reflects supraspinal
response (Dennis et al., 1980). The tail-flick is considered a
predominantly spinal response and may be less subject to
conditioning (Irwin et al., 1951; Dennis et al., 1980). Thence,
this difference may be due to the complexity of the hot-plate
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FIGURE 4 | (A) A Gene Ontology (GO) analysis of differentially expressed gene. The enrichment score was calculated as (–log10[P value]). The X-axis is the
enrichment score for the GO terms, and the Y-axis depicts the GO terms. Pink represent top 10 enrichment score of biological process. Green represents top 10
enrichment score of cellular component. Blue represents top 10 enrichment score of molecular function. (B) KEGG pathway analysis of differentially expressed with
the top 20 enrichment scores. The X-axis represents the gene radio, and the Y-axis shows the name of these pathways.

mechanism. The tail-flick is mainly transmitted to the central
nervous system through the peripheral spinal cord, and the
mechanism of the hot-plate is far more than this. Therefore,
the difference in the pain threshold obtained by the hot plate
method and the tail-flick method in our study may be due to the

difference in the development of tolerance between the spine and
the upper spine.

It is noteworthy that, after receiving chronic morphine
treatment, significant analgesic tolerance was observed in mice,
but no opioid-induced hyperalgesia (OIH) was observed. OIH
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FIGURE 5 | Effects of EA treatments on the expression of gene in the brainstem. (A) The mRNA expression level of top5 up-regulated gene in the brainstem. (B) The
mRNA expression level of top5 down-regulated gene in the brainstem (n = 4). The data were analyzed with unpaired t test. *p < 0.05 and **p < 0.01 compared to
M + Sham.

FIGURE 6 | Effects of EA treatments on the protein expression in brainstem. (A) The brainstem tissues were lysed and analyzed by Western blotting using antibodies
against PKA, phospho-PKA, ERK1/2, phospho-ERK1/2, CREB, and phospho-CREB. Representative blot was shown. GAPDH serves as loading control. (B) Effects
of EA treatments on adenylyl cyclase activity (cAMP) after chronic morphine treatment. cAMP activity was assessed in BS after 5 days of chronic morphine treatment
(10 mg/kg, s.c., per day). Data represent the mean ± SEM of experiments performed in six BS from six animals of each group assayed in triplicate in parallel
experiments. (C–E) Graphic representation of relative expressions of pPKA/PKA, pCREB/CREB, pERK/tERK, respectively.Data are presented as the mean ± SEM
(n = 4). The data were analyzed with one-way ANOVA followed by Bonferroni post hoc tests. *p < 0.05, ***p < 0.01, vs. M + Sham; ##p < 0.01, vs. V + Sham.
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FIGURE 7 | Proposed mechanisms of action by which EA ameliorated morphine-induced tolerance in mice. Chronic morphine increased the levels of cAMP, and the
levels of phosphorylation levels of protein kinase A (PKA), extracellular regulated protein kinases (ERK) and cAMP response element-binding (CREB) in
morphine-induced tolerance. After the treatment of Electro-Acupuncture, the increased of cAMP, p-PKA C, p-ERK, and p-CREB were significantly decreased in
morphine-induce tolerance. Simultaneously, RNA sequencing reval the underlying molecular targets of EA treatment on morphine-induced tolerance maybe
KO04080 (Neuroactive ligand-receptor interaction) and KO04668 (TNF signaling pathway).

is the increased sensitivity to pain following long-term opioid
treatment, which may manifest as opioid-induced tolerance since
increased sensitivity to pain would counteract the pain-relieving
effects of opioids (DeWire et al., 2013). However, opioid-induced
hyperalgesia is not a necessary factor for analgesic tolerance.
Although both analgesic tolerance and hyperalgesia may coexist
in patients who received long-term opioid treatment, it might
need higher doses of opioid and longer treatment to induce OIH
in uninjured model than tolerance (Liang et al., 2013; Corder
et al., 2017; Doyle et al., 2020).

To reveal the potential molecular mechanism of EA-induced
tolerance to morphine, RNA-seq was performed on BS. The
primary reason why we chose the whole brain stem to
do the mechanism analysis is that the brainstem, including
the midbrain periaqueductal gray (PAG) and the rostral
ventral medulla (RVM), is one of the most classical regions
involved in pain transmission and modulation, knowledge
of the immunohistochemistry and pharmacology of that has
been well expanded since 1978 (Basbaum and Fields, 1984).
Containing both high affinity opiate binding sites (Pert et al.,
1975) and significant levels of endogenous opioid peptides
(Hökfelt et al., 1977) makes it also to be a major research focus

of morphine tolerance. In this study, we firstly decided to
study the effect of electroacupuncture on the mRNA profile
of the whole brainstem in morphine tolerant mice, although
it may weaken the difference of gene expression in specific
potential targets. Based upon the results of this study, we
will further explore the target subregion and neural pathway
of electroacupuncture intervention in morphine tolerance in
the following research. After sequencing, we identified fifty-
three genes significantly and differentially expressed in the
brainstem of the two groups. The GO and KEGG analyses
were used to annotate and speculate the function of the
obtained genes. We found these genes were involved in cellular
process, cellular response to alkaloid (Brown et al., 2012),
synaptic transmission (Stockton et al., 2015), dopaminergic
(Jerabek et al., 2017), cellular response to cAMP, 3′,5′-cyclic-
AMP phosphodiesterase activity (Shawlutchman et al., 2002;
Ligeza et al., 2008; Parlato et al., 2010), excitatory extracellular
ligand-gated ion channel activity, neurotransmitter binding
(Popiolek-Barczyk et al., 2018), extracellular ligand-gated ion
channel activity (Sorrell and Hauser, 2014), which have been
reported to be associated with morphine. Meanwhile, we also
found these genes mainly participated in seven categories of
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pathways, including TNF signaling pathway, IL-17 signaling
pathway, neuroactive ligand-receptor interaction, Phenylalanine
metabolism, Nicotine addiction, Morphine addiction, and
Cholinergic synapse. Among these pathways, the TNF signaling
pathway (Wu X.P. et al., 2018), IL-17 signaling pathway (Banerjee
et al., 2015), neuroactive ligand-receptor interaction, Nicotine
addiction, Morphine addiction have been previously reported to
be in connection with morphine.

Previous reports showed: cAMP response element binding
protein (of CREB) is a nuclear protein, the promoter regulating
the transcription of a gene having a cAMP response element
(Johannessen et al., 2004). Kinases including ERK1/2 and PKA
can activate CREB, thereby inducing its transcriptional activity,
and CREB activation has been detected under pain conditions of
different origins (Descalzi et al., 2012; Galeotti and Ghelardini,
2013). Previous studies have shown that the PKA contributes
to the expression of morphine tolerance, and the behavioral
and physiological effects of morphine in morphine induced
tolerant mice could be reinstated by the kinase inhibitors
interacting solely with the morphine released from the pellet
(Smith et al., 2006).

In the following research, ELISA and Western blot were used
to study the effects of EA on the expression of cAMP-PKA/ERK-
CREB pathway in the brainstem of morphine tolerant mice. The
results showed that the levels of cAMP were increased in the
M + Sham group than that in the con group, whereas decreased
in the M + EA group, compared with the M + Sham. Based
upon no variation of PKA, ERK, and CREB detected within all
groups, the phosphorylation of ERK and CREB was increased in
the M+ Sham group compared with the V+ Sham group, which
were alleviated in the M + EA group, demonstrated a potential
cellular signaling cascade involved with the effect of EA. However,
the phosphorylation in the downstream pathways could also
be regulated by other pathways. For example, p-ERK1/2 was
regulated by G protein and/or β-arrestin2 through mu-opioid
receptors. In the next step, we will conduct more in-depth
research to explore more targets for EA to treat morphine-
induced tolerance.

Taken together, these data suggested that the modulation
of cAMP-PKA/ERK-CREB signaling pathway and the possible
cellular functions related to differentially expressed genes may
be potentially associated with the effect of EA at ST36 and SP6
on the development of antinociceptive tolerance to morphine.
This study also provided a new potential treatment method for
clinical intervention of morphine tolerance that EA treatment
is supported to be used in patients who need to use long-term

opioids, to alleviate the development of tolerance and dose
escalation (Figure 7).
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