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Many cases of acute pain can be resolved with few side effects. However, some
cases of acute pain may persist beyond the time required for tissue injury recovery
and transit to chronic pain, which is hard to treat. The mechanisms underlying pain
transition are not entirely understood, and treatment strategies are lacking. In this study,
the hyperalgesic priming model was established on rats to study pain transition by
injection of carrageenan (Car) and prostaglandin E2 (PGE2). The expression levels of
protein kinase C epsilon (PKCε) and transient receptor potential vanilloid 1 (TRPV1)
in the L4–L6 dorsal root ganglion (DRG) were investigated. Electroacupuncture (EA)
is a form of acupuncture in which a small electric current is passed between a pair of
acupuncture needles. EA was administrated, and its effect on hyperalgesia and PKCε

and TRPV1 expression was investigated. The PKCε–TRPV1 signaling pathway in DRG
was implicated in the pain transition. EA increased the pain threshold of model animals
and regulated the high expression of PKCε and TRPV1. Moreover, EA also regulated
hyperalgesia and high TRPV1 expression induced by selective PKCε activation. We
also found that EA partly increased chronic pain threshold, even though it was only
administered between the Car and PGE2 injections. These findings suggested that EA
could prevent the transition from acute to chronic pain by inhibiting the PKCε and TRPV1
expression in the peripheral nervous system.

Keywords: electroacupuncture, hyperalgesic priming, dorsal root ganglion, protein kinase C epsilon, TRPV1

INTRODUCTION

Pain is a major health problem in the clinical practice. Fortunately, acute pain can be controlled
and resolved through a variety of strategies with few psychological problems or side effects (Moore
et al., 2015; Derry et al., 2016; Chou et al., 2017; Vilite et al., 2019). However, for some patients,
the pain may persist beyond the time required for tissue injury recovery and transition to chronic
pain. This type of pain usually lacks an obviously cause and has few effective treatment strategies

Abbreviations: DRG, dorsal root ganglion; MWT, mechanical withdrawal threshold; TWL, thermal withdrawal latency;
PKCε, protein kinase C epsilon; PGE2, prostaglandin E2; EA, electroacupuncture.
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(Marquie et al., 2003; van Wilgen and Keizer, 2012). The
reasons underlying the failure to recover from acute pain are
not yet understood.

In previous studies, a hyperalgesic priming model was
developed to study the mechanisms underlying the transition
from acute to chronic pain (Chen et al., 2014; Kim et al.,
2016; Dai et al., 2017). It has been demonstrated that exposing
the peripheral terminal of primary afferent nociceptors to
inflammatory mediators [e.g., prostaglandin E2 (PGE2)] is
able to induce long-lasting mechanical pain threshold that
decreases depending on whether the terminal is pre-exposed to
inflammatory mediators [e.g., carrageenan (Car)] (Kim et al.,
2015; Megat et al., 2018). The long-lasting pain sensitization
induced by PGE2 persists for more than 14 days without any
obvious cause (Reichling and Levine, 2009), such as peripheral
nerve injury, inflammation, or cancer. Previous studies have
demonstrated that activating protein kinase C epsilon (PKCε)
in the ipsilateral lumbar dorsal root ganglion (DRG) plays a
pivotal role in pain transition (Ferrari et al., 2014; Kandasamy
and Price, 2015). In addition, PKCε induces pain sensitization by
activating its downstream protein (Ferrari et al., 2014). Transient
receptor potential vanilloid 1 (TRPV1) is one of the downstream
proteins of PKCε and is generally believed to be involved in the
development and maintenance of various chronic pain (Malek
et al., 2015). Furthermore, inhibiting PKCε activation in the DRG
prevents the pain from transiting from acute to chronic in a
hyperalgesic priming model (Parada et al., 2003). These results
suggest preventing the transition from acute to chronic pain as a
new possibility for the treatment of chronic pain.

However, PKCε not only is responsible for the pain transition
but also contributes to various physiological functions (Chen
and Tian, 2011; Kostyak et al., 2017). Its various roles present a
particularly challenging problem, requiring clinicians to balance
two competing interests: preventing the transition from acute
to chronic pain and minimizing interference with physiological
functions. One of the solutions is to inhibit PKCε expression or
activation at a precise time point in a specific tissue or area, such
as the DRG. These conditions are often challenging to achieve in
practice. Another solution is to find methods that can regulate
the transition from acute to chronic pain and can be applied with
few side effects.

Electroacupuncture (EA) is a form of acupuncture in which
a small electric current is passed between a pair of acupuncture
needles. Many studies have demonstrated that EA can produce
an analgesic effect (Hou et al., 2019; Xiang et al., 2019; Xu et al.,
2019; Zheng et al., 2019). Our previous studies showed that
EA alleviates mechanical hyperalgesia in both inflammatory and
neuropathic pain models (Liang et al., 2019; Xiang et al., 2019).
These effects are thought to be related to the interference of EA
in DRG neuronal function or protein expression. In addition,
EA is able to alleviate acute and chronic pain by activating the
endogenous opioid peptide system (Cheng et al., 2013; Jiang et al.,
2016). Based on its analgesic effect, EA may be a potential and
few side-effects treatment option for preventing the transition
from acute to chronic pain (Chai et al., 2018). Our previous
study found that EA could regulate the pain threshold in a
hyperalgesic priming model and down-regulate the expression

level of PKCε in DRG (Wang et al., 2018, 2020). However, it is still
not completely clear whether EA can intervene in the transition
from acute to chronic pain or the mechanisms. Answering these
related questions may provide new strategies for the treatment
of chronic pain.

In the present study, we tested the role of the PKCε

signaling pathway in the transition from acute to chronic
pain in the peripheral nervous system and explored the
potential role of EA in preventing pain transition using a rat
hyperalgesic priming model.

MATERIALS AND METHODS

Animals
Adult male Sprague–Dawley rats (weighing 180–230 g,
6–8 weeks) (animal certificate no. SCXK(Hu)2013-0016,
Shanghai Laboratory Animal Center, Chinese Academy of
Sciences) were used for this study. The animals were housed five
per cage in the Laboratory Animal Center of Zhejiang Chinese
Medical University (SYXK(Zhe)2013-0184) with food and water
ad libitum in a controlled 12-h light/dark cycle environment
(25◦C ± 2◦C, 50% ± 10%). All animal manipulation performed
in this study complied with the institutional and governmental
regulations regarding the ethical use of animals and was approved
by the Experimental Animal Center Affiliated Zhejiang Chinese
Medical University (approval no. IACUC-20180319-12).

Drug Preparation
Carrageenan and PGE2 were purchased from Sigma-Aldrich
(St. Louis, MO, United States). The PKCε agonist ψεRACK
(peptide-sequence HDAPIGYD with a membrane permeable
sequence) was synthesized by Bankpeptide (Hefei, China). The
PKCε inhibitor PKCεV1-2 was purchased from Calbiochem,
Milipore Sigma (Darmstadt, Germany). The TRPV1 antagonist
capsazepine (CPZ) and AMG9810 were purchased from
Sigma-Aldrich (St. Louis, MO, United States) and Abcam
(United States). Morphine was purchased from Northeast
Pharmaceutical Group Shenyang No.1 Pharmaceutical Co., Ltd.
(Shenyang, China).

A stock solution of PGE2 (1 µg/µl) was prepared in 10%
ethanol and dissolved in normal saline (NS) to a concentration
of 100 ng/25 µl immediately before injection. Car was dissolved
in NS to a concentration of 2% and stored. AMG9810 was
prepared in Dimethyl sulfoxide as a stock and diluted in PBS
to a concentration of 0.8 mg/25 µl before injection. The peptide
ψεRACK, capsazepine, and PKCεV1-2 were prepared in NS to
a concentration of 1 µg/25 µl immediately before injection.
Morphine (10 mg/kg) was injected intraperitoneally.

The use of all the drugs in this study was based on
previous studies.

Hyperalgesic Priming Models
The hyperalgesic priming was induced as previously described
(Kim et al., 2016). Rats were briefly anesthetized with 2.5%
isoflurane to facilitate the intraplantar injection of Car, PGE2,
or the other drugs used in this study. The injection site was first
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scrubbed with 75% alcohol. Hyperalgesic priming was induced
by the intraplantar injection of 100 µl Car (first injection), and
persistent hyperalgesia was induced by the injection of 25 µl of
PGE2 (second injection) at 7 days after the first injection. In
NS+PGE2 group rats, the same volume of NS instead of Car
was administered.

Drug Administration
Drugs were administered through intraplantar injection.
The injection site was first scrubbed with 75% alcohol. In
Car+ψεRACK and Car+ψεRACK+EA groups, selected PKCε

agonist peptide ψεRACK instead of PGE2 was injected. In the
Car+PGE2+PKCεV1-2 group, PKCεV1-2 was injected 5 min
before PGE2 injection in this study. In the Car+PGE2+CPZ and
Car+PGE2+AMG9810 group, CPZ and AMG9810 were injected
5 min before behavioral testing 48 h after PGE2 injection.

Nociceptive Testing
Nociceptive behaviors were quantified before the first injection,
4 h, 24 h, 48 h, 72 h, and 7 days after the first injection, and 1, 4, 24,
and 48 h after the second injection. Experimenters were blinded
to the study condition for the duration of the experiment.

The mechanical withdrawal threshold (MWT) was tested
using von Frey filaments (Stoelting Co., Wood Dale, IL,
United States) by the up-down method as previously described
(Chaplan et al., 1994). Von Frey filaments (0.4, 0.6, 1, 2, 4, 6,
8, 15, and 26 g) were pressed onto the lateral plantar surface
of the ipsilateral paw. The first filament applied corresponded
to a force of 2 g. A filament of a greater or lesser force was
then chosen depending on whether the response was negative
or positive. The responses were recorded as X or O. The results
were calculated using a function previously described method
(Chaplan et al., 1994).

The thermal withdrawal latency (TWL) was observed by using
a laser machine (37370, UGO, Italy) as previously described.
A constant intensity laser was applied to the plantar surface of the
rat’s paw. The radiant heat was set at 35◦C, and the cutoff time was
set at 20 s to prevent injury. The latency time of the withdrawal
response was automatically recorded by the instruments.

EA Intervention
Five hours after the first injection, the EA intervention began
following the completion of the behavioral test (Liang et al., 2019;
Xiang et al., 2019). The rats were gently immobilized in a cotton
retainer, with 5-mm-deep insertion of stainless-steel needles
(0.18 mm × 13 mm) into the bilateral Zusanli (ST36, between
the tibia and fibula 5 mm below the knee) and Kunlun (BL60,
between the tip of the external malleolus and tendo calcaneus)
acupoints. A series of EA intensities (0.5, 1.0, and 1.5 mA) was
increased every 10 min by using a HANS Acupuncture Point
Nerve Stimulator (LH-202H Huawei Co., Ltd., Beijing, China)
connected to the needles. The EA persisted for 30 min once per
day at 2/100 Hz (alternation of electrical stimulations at 2 Hz and
100 Hz every 3 s) until the end of the experiment or otherwise
in designated specific cases. For the EA II group particularly, the
EA intervention was administered once per day during the period

between 5 h after the first injection and the second injection.
Other parameters were consistent with the those described above.

The sham EA was administered subcutaneously into ST36
and BL60 of animals at a depth of 1 mm with the same needles
connected to the same stimulator as described above, but without
electrical stimulation.

Another sham EA was also administered. The same needles
were inserted into the bilateral acupoints “Quchi” (LI 11, radial
proximal anterior joint) and “Waiguan” (TE 5, 3 mm above
the wrist) at a depth of 3 mm and connected with the HANS
stimulator. The electrical stimulation was given as the same
parameters describe above.

Tissue Preparation
Animals were anesthetized with 2% pentobarbital sodium and
sacrificed 4 and 48 h after the second injection when the MWT
or TWL testing was completed. They were quickly perfused with
150 ml of NS (4◦C). Then, DRGs was extracted rapidly and
stored in a −80◦C freezer for Western blotting experiments. For
immunofluorescence, the animals were continuously perfused
with 400 ml fresh 4% paraformaldehyde in 0.1 M phosphate-
buffered saline after perfusion with NaCl. The ipsilateral DRG
was extracted and post-fixed in 4% paraformaldehyde for 3 h
at 4◦C before being serially transferred to 15 and 30% sucrose
for dehydration. Finally, the DRGs were also stored in a −80◦C
freezer for immunofluorescence experiments.

Immunofluorescence Staining
Dorsal root ganglions were sliced at a thickness of 14 µm.
The slices were blocked with 5% normal donkey serum in
TBST (1% Tween-20) for 1 h at 37◦C and then incubated with
rabbit anti-PKCε (1:1000 in 5% normal donkey serum, Abcam,
United States) or mouse anti-TRPV1 (1:1000 in 5% normal
donkey serum, Abcam, United States) overnight at 4◦C. The slices
were then incubated in fluorescein AffiniPure donkey anti-rabbit
(Alexa 647, Abcam, United States) or anti-mouse IgG (FITC,
Jackson, United States) for 1 h at 37◦C. Image of the expression of
PKCε and TRPV1 in L4, L5, and L6 DRG was captured by using
an A1R confocal microscope (Nikon, Tokyo, Japan). Slices that
were used for the double labeling were incubated with a mixture
of the antibodies. All the slices were stained with DAPI to identify
the nuclei of all cell types in the ganglia.

The criteria were determined as follows. Firstly, 15 images
were selected randomly. Then, two experimenters gave their own
criteria (mainly the threshold) of the positive pixel. The average of
the criteria was calculated and feedback to the two experimenters.
Then, they negotiated and adjusted the criteria, including the
shape, area, and fluorescence intensity (threshold). Finally, the
threshold of positive pixel (gray value) was set and the positive
area that shaping likes a circle was considered as a positive cell.

Western Blot Analysis
The method has been described before (Du et al., 2020). Briefly,
total protein from L4–L6 DRGs was extracted. RIPA Lysis Buffer
(Beyotime, China) containing 1% PMSF (Beyotime, China) and
a protease/phosphatase inhibitor cocktail (Applygen, China)
was used to extract the protein. The protein concentration
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was detected by a BCA protein assay kit. Protein samples
(20 µg) were separated on 5–10% SDS-PAGE gels and
electrophoretically transferred to polyvinyl difluoride (PVDF)
membranes (Bio-Rad, United States). The membranes were
incubated with 5% low-fat milk in TBST for 1 h at room
temperature, rabbit anti-PKCε (1:1000 in 5% normal goat
serum, Abcam, United States), and anti-TRPV1 (1:1000 in 5%
normal goat serum, Abcam, United States) for overnight at
4◦C, and horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (1:5000, Abcam, United States) for 1 h at room
temperature. Rabbit anti-GAPDH (HRP conjugate) (1:1000, CST,
United States) was used as the internal control. The membranes
were developed with an ECL kit (Pierce, United States), and the
signals were captured with an ImageQuant LAS 4000 system (EG,
United States). The density of each band was measured using
ImageQuant TL 7.0 analysis software (GE, United States). The
mean expression level of the target proteins in animals from
the normal or NS+PGE2 group was considered to be 1, and the
relative expression level of the target proteins in all animals was
normalized to the level of that group.

Experimental Design and Groups
In this study, we tried to demonstrate the effect of EA on
pain transition in three steps. First, we tried to determine
the peripheral mechanism of pain transition using hyperalgesic
priming model. We investigated changes in the MWT and
TWL of the rats to ensure that we successfully established the
model. In this part, the rats were randomly divided into three
groups: the normal (only injection NS) (n = 18), NS+PGE2
(PGE2 injected following NS) (n = 18), and Car+PGE2 groups
(PGE2 injected following Car) (n = 18). The expression levels of
PKCε and TRPV1 were also investigated to identify the possible
PKCε pathway. Then, we selectively inhibited the expression
of PKCε or blocked the function of TRPV1 to show that
they are both involved in PGE2 induced hyperalgesia. In this
part, the rats were divided into three groups: the Car+PGE2
(n = 12), Car+PGE2+vehicle (n = 12), and Car+PGE2+PKCεV1-2
(Car+PGE2 rats that injection PKCεV1-2 before PGE2) (n = 12)
groups or the Car+PGE2 (n = 12), Car+PGE2+vehicle (n = 12),
and Car+PGE2+CPZ (Car+PGE2 rats that injection CPZ 48 h
after PGE2) (n = 12) groups. In additions, the effect of PKCεV1-
2 and CPZ on PKCε and TRPV1 was investigated to show
the upstream and downstream relationship between PKCε and
TRPV1. Finally, we used the selective PKCε activation peptide
ψεRACK to replace PGE2 to demonstrate that the PKCε–TRPV1
pathway plays an important role in the transition from acute to
chronic pain. In this part, the rats were randomly divided into
two groups, the Car+PGE2 (n = 12) and Car+ψεRACK (ψεRACK
was injected following Car) (n = 12) group. We also investigated
the differences in the MWT, the TWL, and PKCε and TRPV1
expression between the groups in this part.

Second, we investigated the effect of EA on pain transition.
We investigated the effect of EA on the MWT, the TWL, and
PKCε and TRPV1 expression to show that EA not only produced
a temporary analgesic effect but also regulated the transition
from acute to chronic pain. In this part, the rats were randomly
divided into four groups: the NS+PGE2 (n = 12), Car+PGE2

(n = 12), Car+PGE2+EA (Car+PGE2 rats that were treated by
EA stimulation) (n = 12), and Car+PGE2+sham EA (Car+PGE2
rats that were given sham EA stimulation) (n = 12) groups.
Then, we used ψεRACK to replace PGE2 to block the effect
of EA to demonstrate the effect of EA on pain transition by a
pharmacological method. In this part, the rats were randomly
divided into three groups: the NS+PGE2 (n = 12), Car+ψεRACK
(n = 12), and Car+ψεRACK+EA (Car+ψεRACK rats that were
treated by EA stimulation) (n = 12) groups. The MWT, the
TWL, and PKCε and TRPV1 expression were also investigated
in this part. Then, we ip.l injected morphine was used to
simulate the analgesic effect of EA and observed morphine’s
effect on PKCε and TRPV1 expression. In this part, the rats
were randomly divided into two groups: the Car+PGE2 (n = 6)
and Car+PGE2+morphine (Car+PGE2 rats that were treated by
morphine after PGE2 injection) (n = 6) groups.

Finally, we tried to prevent the transition from acute to
chronic pain by applying EA stimulation before chronic pain
was induced. In this part, the rats were randomly divided into
three groups: the NS+PGE2 (n = 7), Car+PGE2 (n = 7), and
Car+PGE2+EA II (Car+PGE2 rats that the EA was only given
during the period between the first and second injection) (n = 7)
groups. The effect of EA II on the MWT and the expression of
PKCε and TRPV1 were tested in this part.

Statistics
All data are presented as the mean ± SEM of n independent
observations. Statistical comparisons were made using SPSS
19.0 statistical software. Student’s t-test was used to compare
two independent samples, whereas one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison tests
was used to compare three or more samples. For behavioral
testing, the data were analyzed using two-way ANOVA with
between-subjects factors followed by Bonferroni’s multiple
comparison tests. The density of specific bands on the Western
blots was normalized to the density of the normal or NS+PGE2
group. P < 0.05 was considered statistically significant.

RESULTS

Changes in the MWT and TWL in the
Hyperalgesic Priming Model
The time of Car and PGE2 injection and of the pain threshold
testing was shown in Figure 1A. We first investigated changes
in the MWT of Car+PGE2 rats to ensure that the model
was successfully established (Figure 1B). Two-way ANOVA
was conducted to compare the effect of time on the MWT
in the normal, NS+PGE2, and Car+PGE2 groups. The results
revealed that there was a significant difference over time
(P < 0.01, F(2.085,31.27) = 63.74) and between groups (P < 0.01,
F(2,15) = 56.69) and there was also a significant interaction effect
between time points and groups (P < 0.01, F(18,137) = 42.27).
The post hoc Bonferroni test indicated that Car injection followed
by PGE2 injection decreased the MWT in the rats (P < 0.01).
However, PGE2 injection failed to change the MWT of rats
compared with that of the normal group (P > 0.05). The results
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FIGURE 1 | Carrageenan injection followed by PGE2 injection produces chronic mechanical and thermal pain. The protocol of modeling (A). The mechanical
withdrawal threshold (MWT) (B) and thermal withdrawal latency (TWL) (C) of animals that received carrageenan and PGE2 injections. n = 6. **Compared with the
normal group, P < 0.01; 44 compared with the NS+PGE2 group, P < 0.01.

also showed that the MWT of NS+PGE2 and Car+PGE2 at 7 days
after the first injection was not different from the normal group
(P > 0.05).

One-way ANOVA for independent samples determined that
Car intraplantar injection significantly decreased the MWT of
Car+PGE2 rats between 4 and 72 h after the first injection
(P < 0.01, F4 h = 133.45, F24 h = 45.50, F48 h = 54.96,
F72 h = 45.76). The MWT of the Car+PGE2 rats group then
recovered to the original level without any other treatment 7 days
after the first injection (P > 0.05, F = 0.76). Then, PGE2, as
an allogenic substance and inflammatory mediator, significantly
decreased the MWT of the NS+PGE2 and Car+PGE2 groups
1 h after the second injection (P < 0.01, F = 130.98). There
was little difference between these two groups in the MWT at
that time point (P > 0.05). The MWT of both the NS+PGE2
and Car+PGE2 groups was lower than that of the normal group
(P < 0.01). The MWT of the NS+PGE2 group quickly recovered
to the normal level 4 h after PGE2 injection (P > 0.05, F = 79.27).
However, the MWT of the Car+PGE2 group was lower than
that of the normal and NS+PGE2 groups between 4 and 48 h
(P < 0.01, F4 h = 79.27, F24 h = 70.74, F48 h = 64.27). The changes
in the MWT were similar to those that were previously described
predecessors, which indicated that we successfully established the
hyperalgesic priming model.

Then, we observed changes in the TWL (Figure 1C). The
results of two-way ANOVA revealed that there was a significant

difference over time (P < 0.01, F(4.36,65.4) = 11.00) and between
groups (P < 0.01, F(2,15) = 167.70) and there was also a significant
interaction between time and groups (P < 0.01, F(18,135) = 10.41).
The post hoc Bonferroni test indicated that Car injection followed
by PGE2 injection decreased the TWL of the Car+PGE2 rats
(P < 0.01). And PGE2 injection failed to change the TWL of
the rats compared with that of the normal group (P > 0.05).
The results also showed that the TWL of Car+PGE2 group was
not different from the normal group TWL 7 days after the first
injection (P > 0.05).

Then, we compared the TWL of the different groups at
each time point by one-way ANOVA. Car intraplantar injection
decreased the TWL of the Car+PGE2 group between 4 and 72 h
after the first injection (P < 0.01, F4 h = 54.38, F24 h = 81.34,
F48 h = 35.88, F72 h = 32.95). Then, the TWL of the Car+PGE2
group recovered to the average level and did not differ from
that of the normal and NS+PGE2 groups (P > 0.05, F = 0.75).
The TWL of the NS+PGE2 and Car+PGE2 groups declined
1 h after PGE2 injection and was significantly lower than that
of the normal group (P < 0.01, F = 19.62). The TWL of
the NS+PGE2 group quickly recovered to the original level
4 h after the second injection and was not different from
that of the normal group (P > 0.05, F = 31.16). However,
the TWL of the Car+PGE2 group was continually declined
4 h after PGE2 injection and was significantly lower than
that of the NS+PGE2 and normal group (P < 0.01). The
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TWL of the Car+PGE2 group was partly increased 24 h and
48 h after PGE2 injection but remained lower than that of
the normal and NS+PGE2 groups (P < 0.01, F24 h = 37.35,
F48 h = 17.29).

PKCε Is Involved in Changes in the MWT
and TWL
Because previous studies have suggested that PKCε in lumbar
DRGs plays a pivotal role in the transition from acute to chronic
pain, we tested whether PKCε expression level is changed in
L4–L6 DRGs. The Western blotting results showed that the
expression level of PKCε in L4–L6 DRGs in the Car+PGE2 group
was higher than that in the normal and NS+PGE2 groups 4
and 48 h after the second injection (Figures 2A,B) (P < 0.01,
F4 h(2,15) = 7.71, F48 h(2,15) = 72.72). The expression level of PKCε

in lumbar DRGs of the NS+PGE2 group was not different from
that in the normal group at the same time point (P > 0.05).
The immunofluorescence results showed that the number of
PKCε–IR neurons in the L4–L6 DRGs in the Car+PGE2 group
was higher than that in the normal and NS+PGE2 groups 48 h
after PGE2 injection (Figures 2C,D) (P < 0.01, F(2,9) = 9.30).
There was little difference in the number of PKCε–IR neurons
in the lumbar DRGs between the normal and NS+PGE2 groups
(P > 0.05).

Then, we tested whether PGE2 injection following Car
injection produced chronic pain via PKCε activation (Figure 2E).
The selective PKCε inhibitor PKCεV1-2 was intraplantar injected
5 min before PGE2 injection. Two-way repeated measures
ANOVA revealed a significant difference over time (P < 0.01,
F(2.714,40.71) = 168.8), but not between different groups (P > 0.05,
F(2, 15) = 1.87). There was a significant interactive effect between
time and groups (P < 0.01, F(18, 135) = 3.97).

As shown in Figure 2E, PKCεV1-2 can only regulate the MWT
of Car+PGE2 rats after the second injection. One-way ANOVA
was used to analyze the MWT of the rats at each time point
after the second injection. There was no significant difference
between Car+PGE2 and Car+PGE2+PKCεV1-2 group in MWT
4 h after PGE2 injection (Figure 2E) (P > 0.05, F = 2.150). The
MWT of the Car+PGE2+PKCεV1-2 group gradually increased
from 24 to 48 h after the second injection and was significantly
higher than that of the Car+PGE2 group (P < 0.01, F24 h = 12.63,
F48 h = 9.91). However, the intraplantar injection of the vehicle
of PKCεV1-2 did not produce any effect on the MWT of the
Car+PGE2 rats (P > 0.05).

We also investigated whether PKCε is involved in the changes
in the TWL in the hyperalgesic priming model (Figure 2F).
Similar to the MWT, repeated measures ANOVA indicated
that there was a significant difference over time (P < 0.01,
F(4.301,64.52) = 50.25) and between the different groups (P < 0.01,
F(2,15) = 24.29). There was a significant interaction between
time and group (P < 0.01, F(18,135) = 5.86). The post hoc
Bonferroni test indicated that PKCεV1-2 increased the TWL of
the Car+PGE2 rats (P < 0.01). However, the vehicle of PKCεV1-2
failed to change the TWL of the Car+PGE2 rats (P > 0.05).

The results of one-way ANOVA test followed by Bonferroni’s
multiple comparison tests revealed that PKCεV1-2 significantly

increased the TWL from 4 to 48 h after PGE2 injection and that
this level was higher than that of the Car+PGE2 rats (Figure 2F)
(P < 0.01, F4 h = 35.30, F24 h = 11.68, F48 h = 7.70). Furthermore,
PKCεV1-2 also significantly increased the TWL 1 h after PGE2
injection (P < 0.01, F = 6.763). The intraplantar injection of the
vehicle of PKCεV1-2 did not produce any effect on the TWL of
the Car+PGE2 rats (P > 0.05).

TRPV1 Is Involved in Changes in the
MWT and TWL
Protein kinase C epsilon is a signal molecule and could produce
hyperalgesia by regulating the function of its downstream
proteins. We tested the expression level of TRPV1, one of
the most important downstream protein of PKCε, in the
lumbar DRGs. The injection of PGE2 following Car injection
significantly increased the protein level of TRPV1 in L4–L6 DRGs
48 h after the second injection (P < 0.01, F(2,15) = 192.1), but
not 4 h after the second injection (P > 0.05, F(2, 15) = 0.27)
(Figures 3A,B). The number of TRPV1–IR-positive neurons was
also higher than that in the normal group 48 h after PGE2
injection (Figures 2C, 3C) (P < 0.01, F(2,9) = 28.49). However,
only PGE2 injection failed to promote the protein level of TRPV1
and the number of TRPV1–IR-positive neurons in L4–L6 DRGs
(P > 0.05). Additionally, the co-localized of PKCε and TRPV1
can be found in L4–L6 DRGs, in the normal rats, NS+PGE2
rats, and Car+PGE2 rats, as shown in Figure 2C. The PGE2
injection following Car significantly up-regulated the proportion
of TRPV1 labeled cells that expressing PKCε (Supplementary
Figure 1A) (P < 0.01, F(2,9) = 24.25). However, only injection
of PGE2 did not change the proportion of co-localized neurons.

Then, we investigated whether TRPV1 was involved in the
change in the MWT and TWL in the hyperalgesic priming model
by using CPZ. Because CPZ only regulated the MWT and TWL
48 h after the second injection, we only used one-way ANOVA
to analyze the difference between the groups 48 h after PGE2
injection. The results indicated that CPZ significantly increased
the MWT of the Car+PGE2 rats 48 h after PGE2 injection
(Figure 3D) (P < 0.01, F = (2,15)525.0). The TWL results were
similar to the MWT results. CPZ significantly increased the TWL
of the Car+PGE2 rats 48 h after PGE2 injection (Figure 3E)
(P < 0.01, F(2,15) = 24.34). For the CPZ may also affect the
function of some Ca2+ ion channel, the AMG9810 was also
used to investigate the role of TRPV1 played. The results were
similar to the CPZ results (Supplementary Figure 2) (P < 0.01,
F48 hMWT(2,15) = 44.15, F48 hTWL(2, 15) = 19.74).

PKCε Promotes TRPV1 Expression in
Lumbar DRGs
Because PKCε and TRPV1 are observed in the same neurons,
we further investigated whether PKCε regulated the expression
of TRPV1 in lumbar DRGs after PGE2 injection. First, we
observed the effect of the inhibition of PKCε on the expression
level of TRPV1. PKCεV1-2 significantly inhibited the expression
of PKCε and downregulated the TRPV1 protein level in L4–
L6 DRGs (Figures 4A,B) (P < 0.01, FPKCε (2,15) = 52.55,
FTRPV1(2,15) = 94.97). The vehicle of PKCεV1-2 did not affect the
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FIGURE 2 | Protein kinase C epsilon (PKCε) in the dorsal root ganglion (DRG) plays a pivotal role in the transition from acute to chronic pain. (A) The quantification of
the Western blot results and a representative Western blot showing PKCε protein isolated from the DRG 4 h after PGE2 injection. (B) The quantification of the
Western blots results and a representative Western blot showing PKCε protein isolated from the DRG 48 h after PGE2 injection. (C) PKCε and TRPV1 staining in the
peripheral nervous system 48 h after PGE2 injection. Scale bar 100 µm. (D) The quantification of PKCε–IR positive neurons. Mechanical (E) and thermal (F)
responses of hyperalgesia model animals that received PKCεV1-2 injection. n = 6. **Compared with the normal group, P < 0.01; 44 compared with the NS+PGE2
group, P < 0.01; #,## compared with the Car+PGE2 group, P < 0.05 and P < 0.01, &,&& compared with the Car+PGE2+vehicle group, P < 0.05, P < 0.01.

expression levels of PKCε and TRPV1 (P > 0.05). In addition, the
immunofluorescence results showed that the number of TRPV1–
IR neurons in the Car+PGE2+PKCεV1-2 group was significantly
lower than that in the Car+PGE2 group and Car+PGE2+Vehicle
group (Figures 4C,D) (P < 0.01, F(2,15) = 103.7). Additionally,
we investigated whether a TRPV1 antagonist regulates the
expression level of PKCε and TRPV1 in lumbar DRGs. The
results of Western blot analysis showed that CPZ did not affect

the expression levels of PKCε or TRPV1 in lumbar DRGs
(Figures 4E,F) (P > 0.05, FPKCε (2, 15) = 0.34, FTRPV1(2,15) = 0.13).

Then, ψεRACK, a selective agonist peptide of PKCε, was used
instead of PGE2. The injection of ψεRACK, similar to that of
PGE2, produced a long-lasting decrease in the MWT and TWL
(Figures 5A,B) (P > 0.05, FMWT (1, 10) = 0.07, FTWL(1,10) = 0.52, F
value of group factor). The Western blot results showed that there
was little difference between the Car+PGE2 and Car+ψεRACK

Frontiers in Neuroscience | www.frontiersin.org 7 July 2021 | Volume 15 | Article 685715

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


fnins-15-685715 July 14, 2021 Time: 18:42 # 8

Fang et al. Electroacupuncture and Pain Transition

FIGURE 3 | Transient receptor potential vanilloid 1 (TRPV1) in the DRG contributed to the chronic mechanical and thermal pain induced by carrageenan and PGE2
injections. (A) The quantification of the Western blot results and a representative Western blot showing TRPV1 protein isolated from the DRG 4 h after PGE2
injection. (B) The quantification of the Western blot results and a representative Western blot showing TRPV1 protein isolated from the DRG 48 h after PGE2
injection. (C) The quantification of TRPV1–IR positive neurons. Mechanical (D) and thermal (E) responses of hyperalgesia model animals that received capsazepine
(CPZ) injection. n = 6. **Compared with the normal group, P < 0.01; 44 compared with the NS+PGE2 group, P < 0.01; ## compared with the Car+PGE2 group,
P < 0.01; && compared with the Car+PGE2+vehicle group, P < 0.01.

groups (Figure 5C) (P > 0.05, t10 = 0.917), which indicated that
ψεRACK injection, like PGE2 injection, promoted the expression
of PKCε in lumbar DRGs. ψεRACK injection also upregulated
the TRPV1 protein level in L4–L6 DRGs (Figure 5D) (P > 0.05,
t10 = 0.028). The number of PKCε–IR and TRPV1–IR cells in
L4–L6 DRGs in the Car+PGE2 group was similar to that in the
Car+ψεRACK group, and there was no significant difference
(Figures 5E,F) (P > 0.05, t6 PKCε = 0.50, t6 TRPV1 = 0.69).
The results of immunofluorescence also showed that ψεRACK-
induced PKCε and TRPV1 expression were co-localized in
the same neurons in L4–L6 DRGs (Figure 5G). Furthermore,
ψεRACK significantly increased the number of TRPV1 labeled
cells that expressed PKCε just as the effect of PGE2 produced
(Supplementary Figure 1B) (P > 0.05, t6 = 0.45).

EA Regulates Changes in the MWT and
TWL in the Hyperalgesic Priming Model
Electroacupuncture was administered to regulate changes in
the MWT and TWL in hyperalgesic priming model rats
(Figure 6A), and the results are shown in Figures 6B,C. The
results of two-way ANOVA indicated that there was a significant

difference over time (P < 0.01, FMWT(3.48,94.07) = 230.0,
FTWL(6.32,126.4) = 32.95) and between the different groups
(P < 0.01, FMWT(3,27) = 97.18, FTWL(3,20) = 115.4). There was
a significant interaction between time and group (P < 0.01,
FMWT(24,243) = 28.38, FTWL(27,180) = 8.56) for both the MWT and
TWL. The post hoc Bonferroni test indicated that PGE2 injection
following Car injection significantly decreased the MWT and
TWL (P < 0.01). EA treatment partly increased the MWT
(P < 0.01), but the MWT was still lower than that of NS+PGE2
rats (P < 0.01). However, EA administration significantly
restored the TWL, and the TWL of the Car+PGE2+EA group was
not different from that of the NS+PGE2 group (P > 0.05). Sham
EA did not affect the effect of PGE2 and Car on the MWT and
TWL (P > 0.05).

The results of one-way ANOVA showed that EA significantly
regulated the decrease in the MWT induced by Car injection
from 24 to 72 h after the first injection (P < 0.05, F24 h = 41.20,
F48 h = 66.38, F72 h = 12.40). However, EA failed to modulate
the decrease in the MTW 1 h after PGE2 injection (P > 0.05,
F = 1.77). Then, EA significantly increased the MWT, and the
MWT of the Car+PGE2+EA group was higher than that of the
Car+PGE2 group 4, 24, and 48 h after PGE2 injection (P < 0.01,
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FIGURE 4 | Protein kinase C epsilon (PKCε) regulates TRPV1 expression in the DRG. (A) The quantification of the Western blot results and a representative Western
blot showing inhibited PKCε protein isolated from the DRG 48 h after PGE2 injection. (B) The quantification of the Western blot results and a representative Western
blot showing decreased TRPV1 protein isolated from the DRG 48 h after PGE2 injection. (C) TRPV1 staining in the peripheral nervous system 48 h after PGE2
injection. Scale bar 100 µm. (D) The quantification of TRPV1–IR positive neurons. (E) The quantification of the Western blot results and a representative Western blot
showing PKCε protein isolated from the DRG 4 h after PGE2 injection. (F) The quantification of the Western blot results and a representative Western blot showing
TRPV1 protein isolated from DRG 48 h after PGE2 injection. 44 Compared with the NS+PGE2 group, P < 0.01; ## compared with the Car+PGE2 group, P < 0.01.

F4 h = 166.57, F24 h = 123.33, F48 h = 93.42). However, the
MWT of the Car+PGE2+EA group was still significantly lower
than that of the NS+PGE2 group at the final time point observed
(P < 0.01). Additionally, sham EA did not affect the MWT of the
Car+PGE2 rats at any time point (P > 0.05).

The effect of EA on the TWL of the priming model rat
was also statistically analyzed by one-way ANOVA. Similar to
the MWT results, EA significantly upregulated the TWL of the
Car injection rats. The TWL of the Car+PGE2+EA group was
considerably higher than that of the Car+PGE2 group from
24 to 72 h after the first injection (P < 0.05, F24 h = 25.18,
F48 h = 18.96, F72 h = 20.59). There was little difference
between the Car+PGE2+EA and NS+PGE2 groups 72 h after
Car injection (P > 0.05). PGE2 administration following Car
injection produced a significant reduction in the TWL of the
rats. EA stimulation upregulated the TWL of the Car+PGE2
rats from 4 to 48 h after the second injection (P < 0.01,
F4 h = 34.13, F24 h = 20.69, F48 h = 40.91). The TWL of
the Car+PGE2+EA group was not different from that of the
NS+PGE2 group (P > 0.05) and was much higher than that
of the Car+PGE2 group from 4 to 48 h after PGE2 injection
(P < 0.01). Finally, sham EA failed to regulate the TWL changes
regardless of whether they were induced by Car or PGE2
(P > 0.05).

Electroacupuncture was also administrated to the bilateral
unrelated acupoints “Quchi” (LI 11, radial proximal anterior
joint) and “Waiguan” (TE 5, 3 mm above the wrist) on
hyperalgesic priming rats. The results of two-way ANOVA
indicated that EA on unrelated acupoints would not produce

analgesic effect on hyperalgesic priming rats (Supplementary
Figure 3) (P > 0.05, FMWT (2,12) = 118.5, FTWL(2,12) = 19.97, F
value of group factor).

EA Regulates the High Expression of
PKCε and TRPV1 in Lumbar DRGs in a
Hyperalgesic Priming Model
Because EA affected the MWT and TWL of hyperalgesic priming
model rats, we further investigated whether EA regulated the
expression of PKCε and TRPV1 in lumbar L4–L6 DRGs. As
shown in Figure 6D, TRPV1 and PKC ε were co-localized in
the same neurons in lumbar DRGs. Consistent with previous
results, PGE2 injection following Car injection upregulated the
number of PKCε–IR and TRPV1–IR neurons of in lumbar
DRGs 48 h after the second injection, as well as the number of
TRPV1 labeled cells expressing PKCε (Figures 6E–G) (P < 0.01,
FPKCε (3,12) = 53.71, FTRPV1(3,12) = 66.12, FCO(3,12) = 19.76).
The number of PKCε–IR and TRPV1–IR neurons in the
Car+PGE2+EA group was significantly lower than that in the
Car+PGE2 group (P < 0.05), which indicated that EA regulated
the expression of PKCε and TRPV1 in lumbar DRGs. However,
EA only partly decreased the number of TRPV1 labeled cell
that expressing PKCε (Figure 6G) (P > 0.05). The Western blot
results were similar. The expression levels of PKCε and TPRV1
in the Car+PGE2 group were higher than those in the NS+PGE2
group 48 h after PGE2 injection (Figures 6H,I) (P < 0.01, FPKCε

(3,20) = 8.87, FTRPV1(3,20) = 17.40), consistent with the results
shown in Figures 2, 3. Furthermore, the expression levels of
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FIGURE 5 | Activation of PKCε contributes to the transition from acute to chronic pain and TRPV1 expression. Mechanical (A) and thermal (B) responses of animals
to the injection of a special PKCε activator. n = 6. The quantification of the Western blot results and a representative Western blot showing PKCε (C) and TRPV1 (D)
protein isolated from the DRG 48 h after PGE2 and ψεRACK injection. (E) PKCε and TRPV1 staining in the peripheral nervous system 48 h after PGE2 and ψεRACK
injection. Scale bar 100 µm. The quantification of PKCε–IR positive (F) and TRPV1–IR positive (G) neurons.

PKCε and TRPV1 in the Car+PGE2+EA group were lower than
those in the Car+PGE2 group and higher than those in the
NS+PGE2 group (P < 0.01). Finally, there was little difference in
the expression levels of PKCε and TRPV1 between the Car+PGE2
and Car+PGE2+sham EA groups (P > 0.05).

Then, we observed whether EA regulates the hyperalgesia
induced by ψεRACK and the higher expression of PKCε

and TRPV1. ψεRACK injection induced both a persistent
reduction in the MWT and TWL (Figures 7A,B) (P < 0.01,
FMWT(2,15) = 49.13, FTWL(2,15) = 110.5, F value of group factor)
and the higher expression of PKCε and TRPV1 (Figure 7C–G)
(P < 0.01). As shown in Figure 7, EA significantly increased the
MWT and TWL of the rats injected with ψεRACK. The one-way
ANOVA results indicated that these effects were observed from
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FIGURE 6 | Electroacupuncture (EA) regulates the transition from acute to chronic pain and the PKCε activation and TRPV1 expression in the DRG. The protocol of
EA administration (A). Mechanical (B) and thermal (C) responses of hyperalgesic priming model animals to EA and sham EA administration. n = 5–6. (D) PKCε and
TRPV1 staining in the peripheral nervous system 48 h after PGE2 injection. Scale bar 100 µm. The quantification of PKCε–IR positive (E) and TRPV1–IR positive (F)
neurons. The quantification of the ratio of TRPV1 labeled cells expressing PKCε (G). The quantification of the Western blot results and a representative Western blot
showing PKCε (H) and TRPV1 (I) protein isolated from the DRG 48 h after PGE2 injection. 4, 44 Compared with the NS+PGE2 group, P < 0.05, P < 0.01;
#,## compared with the Car+PGE2 group, P < 0.05, P < 0.01.
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FIGURE 7 | Electroacupuncture (EA) regulates the transition from acute to chronic pain induced by ψεRACK injection. Mechanical (A) and thermal (B) responses of
Car/ψεRACK-injected animals to EA administration. n = 6. (C) PKCε and TRPV1 staining in the peripheral nervous system 48 h after ψεRACK injection. Scale bar,
100 µm. The quantification of the PKCε–IR positive (D) and TRPV1–IR positive (E) neurons. The quantification of the Western blot results and a representative
Western blot showing PKCε (F) and TRPV1 (G) protein isolated from the DRG 48 h after ψεRACK injection. *, **Compared with the NS+PGE2 group, P < 0.05,
P < 0.01; 44 compared with the ψεRACK group, P < 0.01.
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4 to 48 h after the second injection (Figures 7A,B) (P < 0.01,
FMWT4 h = 88.69, FMWT24 h = 47.65, FMWT48 h = 22.81,
FTWL4 h = 53.42, FTWL24 h = 14.04, FTWL48 h = 9.50).
Immunofluorescence showed that the number of PKCε–IR
and TRPV1–IR neurons in the Car+ψεRACK+EA group was
lower than that in the Car+ψεRACK (use ψεRACK instead of
PGE2 for inducing hyperalgesic priming) group (Figures 7C–
E) (P < 0.01, FPKCε (2,9) = 129.3, FTRPV1(2,9) = 10.37), but
was still higher than that in the NS+PGE2 group (P < 0.01).
The protein expression levels of PKCε and TRPV1 in the DRG
of the Car+ψεRACK+EA group were also lower than those
of the Car+ψεRACK group (Figures 7F,G) (P < 0.01, FPKCε

(2,15) = 73.57, FTRPV1(2,15) = 17.83) but were still higher than those
of the NS+PGE2 group (P < 0.01).

Electroacupuncture can produce an analgesic effect on
various pain through the endogenous opioid system. Morphine
has been used to simulate the analgesic effect of EA on
the hyperalgesic priming model (Figure 8A). The analgesic
effect of morphine has been shown in Figure 8B. Two-way
ANOVA reveal a significant difference over time (P < 0.01,
F(1,35) = 102.7) and between groups (P < 0.01, F(6,35) = 40.58).
There was a significant interaction between time and group
(P < 0.01, F(6,35) = 25.35). The post hoc Bonferroni test indicated
that morphine administered after PGE2 injection successfully
regulates the decrease in the MWT (P < 0.01).

One-way ANOVA was used to compare the MWT at each
time point after the second injection. Morphine injection
significantly reversed the hyperalgesia induced by the PGE2
injection following Car injection at 4, 24, and 48 h after the
second injection (P < 0.01, t4 h(10) = 6.03, t24 h(10) = 6.01,
t48 h(10) = 20.72). Then, we observed the effect of morphine
injection on the PKCε and TRPV1 expression 48 h after the
PGE2 injection. The results showed that morphine injection
failed to regulate the higher expression level of PKCε in the L4–
L6 DRG (Figure 8C) (P > 0.05, t10 = 0.16). However, morphine
significantly decreased the expression level of TRPV1 in L4–L6
DRG (Figure 8D) (P < 0.01, t10 = 2.89).

EA Partly Prevents the Transition of Pain
and PKCε Expression
Finally, we examine whether EA can prevent the decrease in
the MWT induced by PGE2 injection following Car injection
if it is not given after the second injection (Figure 6A, EA
II). The results are shown in Figure 9A. Two-way repeated
measures ANOVA reveal a significant difference over time
(P < 0.01, F(4.25,72.32) = 162.9) and between groups (P < 0.01,
F(2,17) = 162.9). There was a significant interaction between time
and group (P < 0.01, F(14,119) = 38.34). The post hoc Bonferroni
test indicated that Car injection followed by PGE2 injection
caused a decrease in the MWT of the rats (P < 0.01). EA
administered only before PGE2 injection failed to regulate the
decrease in the MWT (P > 0.05).

Then, we used one-way ANOVA to compare the MWT at each
time point. The results indicated that EA raised the MWT 72 h
after the first injection, and that the MWT of the Car+PGE2+EA
II group was significantly higher than that of the Car+PGE2

group (P < 0.01, F = 26.84). The MWT of all the rats recovered
to the level of the NS+PGE2 group 7 days after the first injection.
There was little difference in the MWT among the three groups
1 h after PGE2 injection (P > 0.05, F = 0.51). The MWT of the
NS+PGE2 groups was higher than that of the Car+PGE2 and
Car+PGE2+EA II groups from 4 to 48 h after the second injection
(P < 0.01, F4 h = 394.76, F24 h = 303.192, F48 h = 179.87). The
MWT of the EA II group was higher than that of the Car+PGE2
group, but only 24 h after the second injection (P < 0.05).
There was little difference between the MWT of the EA II and
Car+PGE2 groups 48 h after injection.

Because EA administration before PGE2 injection partly
restores the MWT of the Car+PGE2 rats, we wanted to determine
whether it can regulate the expression of PKCε and TRPV1 in
lumbar DRGs. The Western blot results are shown in Figure 9B.
PKCε expression in the NS+PGE2 group was much lower
than that in the Car+PGE2 (P < 0.01, F(2,15) = 6.54) and
Car+PGE2+EAII groups (P < 0.05). EA partly inhibited PKCε

expression in L4–L6 DRGs, but the PKCε expression level in
this group was not different from that in the Car+PGE2 group
(P > 0.05). We also tested the expression level of TRPV1,
as shown in Figure 9C. TRPV1 expression in the NS+PGE2
group was lower than that in the Car+PGE2 group (P < 0.05,
F(2,15) = 9.66) and was not significantly different from that in
the EAII group (P > 0.05). However, there was only a trend for
the TRPV1 expression level in the Car+PGE2+EAII group to be
lower than that in the Car+PGE2 group (P > 0.05).

DISCUSSION

Although many cases of pain are resolved through a variety
of treatment options, more than 20% of the population in the
United States and 30% of the population in Europe suffers
from chronic pain for years (Gaskin and Richard, 2012; Breivik
et al., 2013). In general, pain that persists beyond the time
needed for tissue injury recovery is considered chronic pain.
However, the causes of the continuation of pain after tissue
damage recovery are not yet understood. Furthermore, there are
few effective treatment strategies for preventing the transition
from acute to chronic pain (Heinricher, 2016; Pozek et al., 2016).
The hyperalgesic priming model has been used to study the
mechanism of the transition from acute to chronic pain and to
identify the treatment strategies (Kim et al., 2016; Chen et al.,
2018). Here, we use this model system to gain insight into
whether EA can regulate the transition from acute to chronic
pain and the mechanism. The main conclusion we reached
from our experiments is that EA can reverse pain transition
in hyperalgesic priming model rats by inhibiting the PKCε and
TRPV1 expression in the peripheral nervous system and that this
effect may be partly due to its interference in the prime state.

Electroacupuncture is a modern way of applying acupuncture
and is widely used for alleviating various types of pain, such
as inflammatory pain, neuropathological pain, and cancer pain
(Fang et al., 2018; Liang et al., 2018, 2019). Previous studies have
demonstrated that EA can relieve both acute and chronic pain
(Seo et al., 2017; Chai et al., 2018). Our team had shown that
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FIGURE 8 | Morphine improves the MWT of hyperalgesic priming rats and inhibits the TRPV1 expression in L4–L6 DRG, but not PKCε. The protocol of morphine
administration (A). (B) Mechanical responses of hyperalgesic priming model animals to morphine administration. n = 6. Western blot showing PKCε (C) and TRPV1
(D) protein isolated from the DRG 48 h after PGE2 injection. ##Compared with the Car+PGE2 group, P < 0.01.

FIGURE 9 | Electroacupuncture (EA) partly prevented the transition from acute to chronic pain. Mechanical (A) responses of hyperalgesia model animals to EA
administration only after the first injection. n = 6. The quantification of the Western blot results and a representative Western blot showing PKCε (B) and TRPV1 (C)
protein isolated from the DRG 48 h after PGE2 injection. 4, 44 Compared with the NS+PGE2 group, P < 0.05, P < 0.01; #,## Compared with the Car+PGE2 group,
P < 0.05, P < 0.01.

EA can regulate the PKCε expression in the DRG of hyperalgesic
priming rats in the previous study (Wang et al., 2020). However,
it is not clear whether EA is able to prevent the transition from
acute to chronic pain. Because EA can produce an analgesic effect
on chronic pain through various mechanisms, it is challenging to

observe the preventive effect of EA on pain transition directly. In
the current study, we demonstrated that EA could prevent pain
transition through three steps.

First, we showed that the PKCε (which molecule plays
a pivotal in the pain transition (Ferrari et al., 2014;
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Kandasamy and Price, 2015)-dependent TRPV1 activation
is involved in the transition from acute to chronic pain. Besides
PKCε, other PKC isoforms, such as PKA and PKCγ, have been
suggested to be involved in pain sensitization (Warner et al.,
2017; Alba-Delgado et al., 2018). Previous studies demonstrated
that PKA is involved in the opioid receptor induced hyperalgesia
priming but not acute inflammation (Araldi et al., 2016). The
intradermal injection of PKCεV1-2 prevents the prolonged
mechanical hyperalgesia induced by PGE2 in a Car-induced
priming model (Aley et al., 2000; Hassouna et al., 2004). The
transient attenuation of PKCε expression in the periphery by
antisense oligodeoxynucleotides is able to terminate chronic
pain states (Parada et al., 2003). These studies suggest that
peripheral PKCε plays a role in the initiation and maintenance
of long-lasting hyperalgesia in a Car-induced priming model.
Furthermore, the activation of the PKCε–TRPV1 pathway
has been demonstrated to be involved in the development
of hyperalgesia and neuropathic pain (Malek et al., 2015; Gu
et al., 2018). Here, we showed that the intradermal injection
of PGE2 following Car injection also promoted the expression
level of TRPV1. In addition, the intradermal administration
of a TRPV1 antagonist alleviated hyperalgesia (Figure 3).
Furthermore, previous study demonstrated that the neuron
excitability will raise accompanying the high expression of
TRPV1, which can induce strong cation influx (Wu et al., 2013).
That maybe the reason that produces the hyperalgesia on the
model rats. In this study, the attenuation of PKCε expression
in the periphery by a selective inhibitor not only reversed the
chronic pain state but also decreased TRPV1 expression. In
addition, immunofluorescence showed that the co-localization
of PKCε and TRPV1 increased in the model rats. Additionally,
the intradermal injection of ψεRACK, a PKCε-specific activator
peptide (Karouzaki et al., 2019), instead of PGE2 produced an
increase in the expression of TRPV1 in L4–L6 DRGs and induced
chronic pain. All these results indicate that PGE2 produced long-
lasting hyperalgesia by activating the PKCε–TRPV1 pathway in
the peripheral nervous system in a Car-induced priming model.

In contrast to the previous studies, we synchronously
observed the thermal pain threshold of a hyperalgesic priming
model. Thermal and mechanical stimuli are commonly used
in chronic pain studies in animals and humans and cause
qualitatively different pain sensations. Previous studies have
shown that different pain systems induce different characteristics
of chronic pain. For instance, a reduction of mechanical and
thermal pain thresholds will occur in the chronic inflammatory
pain model induced by CFA (Li et al., 2019). However,
there is only a pain response to mechanical stimuli in the
neuropathic pain model induced by SNI surgery (Shields et al.,
2003). EA is able to regulate both mechanical and thermal
pain sensitization (Liao et al., 2017). However, whether the
hyperalgesic priming model induces a thermal sensitization is
not clear. We showed that PGE2 produced long-time thermal
hyperalgesia after transient inflammatory irritation (Figure 1).
We further demonstrated that the PKCε–TRPV1 pathway in the
peripheral nervous system not only contributed to mechanical
sensation but was also involved in thermal hyperalgesia
by using pharmacological methods. This is consistent with
the function of TRPV1 in mechanical and thermal pain.

Furthermore, calmodulin-dependent protein kinase II (CaMKII)
and extracellular regulatory protein kinase (ERK) are both
downstream signaling molecules of PKCε (Ferrari et al., 2013;
Zisopoulou et al., 2013) but are upstream of TRPV1 (Ma et al.,
2017). And they are both involved in the pain transition in
hyperalgesic priming model (Ferrari et al., 2014). So, the PKCε–
CaMKII/ERK–TRPV1 signaling pathway may contribute to the
pain transition in DRG.

Second, we showed that EA can alleviate hyperalgesia and
regulate the expression levels of PKCε and TRPV1 in the
peripheral nervous system. Throughout the entire experiment,
EA significantly increased the pain threshold of the model
rats (Figure 6). EA not only recovered the mechanical and
thermal pain induced by Car but also partly improved the
mechanical hyperalgesia from 4 to 48 h after the second injection.
Furthermore, the effect of EA on thermal hyperalgesia was
much better than that on mechanical hyperalgesia. EA raised the
thermal pain threshold to the original level at the 4 h after the
second injection. This treatment effect was entirely beyond our
expectations. We will further study the cause of these results. To
show that EA interferes with the transition from acute to chronic
pain, rather than just anesthesia, we examined the effect of EA
on PKCε and TRPV1 expression. EA significantly regulated the
higher expression of PKCε and TRPV1 in peripheral nervous
system. For PKCε–TRPV1 pathway in peripheral nervous system
is involved in the hyperalgesia in the Car-induced priming model,
the analgesic effect of EA on the hyperalgesic priming model
has a positive relationship with its inhibitory effect on the PKCε

and TRPV1 expression. Furthermore, we used pharmacological
experiments to test the effects of EA on PKCε and TRPV1
expression and hyperalgesia by selective activation of PKCε in
peripheral nervous system. EA also regulated ψεRACK-induced
hyperalgesia and the higher expression of PKCε and TRPV1 in
L4–L6 DRGs. Moreover, morphine has been used to investigate
whether EA regulates the pain transition via its analgesic effect.
For morphine injection will induce the hyperalgesic priming type
II, it has only been used after the PGE2 injection and the number
of injections was controlled less than four times (Tumati et al.,
2010; Araldi et al., 2016). Morphine significantly inhibited the
expression of TRPV1 in L4–L6 DRG, just as previous report
(Bao et al., 2015). However, although morphine produces a great
analgesic effect on the hyperalgesic priming rats, it failed to
inhibit the activation of PKCε in L4–L6 DRGs. These results
indicated that the analgesic effects of EA and morphine on
hyperalgesic priming rats have different mechanisms, especially
on the PKCε activation or expression. However, PKCε is the key
molecule of PGE2 induced chronic pain. So, we believed that EA
not only produced analgesic effect on the model animal but also
prevented the pain transition by inhibiting the PKCε expression.
In addition, previous studies demonstrated that CaMKII and
ERK were involved in the EA analgesia (Gu et al., 2020; Hu
et al., 2020). So, we hypothesized that CaMKII and ERK may
also be involved in the regulatory effect of EA on the pain
transition according to the role they played in the pain transition
and EA analgesia.

Third, we performed a time window experiment to observe
the effect of EA on priming state. Previous studies divided the
hyperalgesic priming model into two phases: the prime state,
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in which animals may not show significant pain abnormalities,
but the nociceptive system responds to a normally subthreshold
noxious stimulation with long-lasting hyperalgesia, and the
hyperalgesic state, in which animals show significant pain
abnormalities and the PKCε-dependent pathway is activated in
the peripheral nerves system. Even if EA is given only in the prime
state, it can still affect hyperalgesia, but the effect is significantly
reduced. In this study, the statistical difference in behavioral
performance was only observed 24 h after the second injection,
but not 4 or 48 h after the second injection. Although PKCεV1-2
increased the MWT of the model rats 4 h after PGE2 injection, a
significant difference was observed 24 h after the second injection
(Figure 2E). Therefore, we believe that there may still be some
acute pain induced by PGE2 4 h after the second injection and
that interferes with the effect of EA. Furthermore, the average
value of the MWT in the EA II group was higher than that in the
Car+PGE2 group. However, the standard error of the MWT in
the EA II group was also increased 48 h after second injection.
There might be two reasons for this. On the one hand, due
to individual differences, the regulatory effect of EA in certain
animals is diminished. On the other hand, this might be just a
statistical error. We will further study it and attempt to improve
the effect of EA. In addition, only giving EA in the prime state
still induce a certain regulatory trend in the expression level of
PKCε and TRPV1 in L4–L6 DRGs. Therefore, we believe the
EA administered only in the prime state may partly affect the
ability of PGE2 to activate the PKCε-dependent pathway and thus
produce a mild analgesic effect. Furthermore, all the results also
indicate that the interference of EA in pain transition is mainly
due to the regulatory effect after PKCε activation, rather than
interference in the prime state.

Above all, we believe that EA can prevent the transition
from acute to chronic pain by regulating the PKCε and TRPV1
expression in the peripheral nervous system. And it makes EA
to be more widely used in clinical analgesia. For some patients
with acute pain, EA analgesia may prevent the occurrence of
pain transition along with its analgesic effect. More importantly,
even if it is nearly impossible to determine the time point of the
transition from acute to chronic pain in the clinic practice for
chronic pain patients, EA can still be used to prevent the pain
transition with slight risks. The worst case is that EA alleviates
constant pain but fails to prevent pain transition in case EA was
not applied during the appropriate period. Ideally, EA may limit
the development of chronic pain. On the other hand, EA can be
combined with other analgesic drugs. Treatment programs may
achieve better analgesia while EA prevents pain transition.

CONCLUSION

Electroacupuncture regulates the transition from acute to chronic
pain by inhibiting the PKCε and TRPV1 expression in the
peripheral nervous system.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Experimental
Animal Center Affiliated Zhejiang Chinese Medical University.

AUTHOR CONTRIBUTIONS

JD and XJ: conceptualization. JuF: data curation. JuF, JiF, JZ,
and JD: funding acquisition. JuF, SW, XS, YL, YJ, and BL:
investigation. SW, HS, and XH: methodology. JiF: writing–
original draft. JD: writing–review and editing. All authors
contributed to the article and approved the submitted version.

FUNDING

This research was funded by the Zhejiang Provincial Natural
Science Foundation (China), grant numbers LY19H270003 and
LQ18H270001; the National Natural Science Foundation of
China, grant numbers 81603692 and 81603690; and General
Research Program of Zhejiang Provincial Department of Health,
grant number 2016KYA154.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2021.685715/full#supplementary-material

REFERENCES
Derry, S., Wiffen, P., and Moore, A. (2016). Topical nonsteroidal anti-

inflammatory drugs for acute musculoskeletal pain. Jama 315, 813–814. doi:
10.1001/jama.2016.0249

Chou, R., Deyo, R., Friedly, J., Skelly, A., Weimer, M., Fu, R., et al. (2017). Systemic
pharmacologic therapies for low back pain: a systematic review for an american
college of physicians clinical practice guideline. Ann. Int. Med. 166, 480–492.
doi: 10.7326/m16-2458

Moore, R. A., Derry, S., Wiffen, P. J., Straube, S., and Aldington, D. J. (2015).
Overview review: comparative efficacy of oral ibuprofen and paracetamol
(acetaminophen) across acute and chronic pain conditions. Eur. J. Pain 19,
1213–1223. doi: 10.1002/ejp.649

Vilite, B., Strike, E., Rutka, K., and Leibuss, R. (2019). Pain management in intensive
care unit patients after cardiac surgery with sternotomy approach. Acta Med.
Lituan. 26, 51–63. doi: 10.6001/actamedica.v26i1.3956

van Wilgen, C. P., and Keizer, D. (2012). The sensitization model to explain
how chronic pain exists without tissue damage. Pain Manag. Nursing

Frontiers in Neuroscience | www.frontiersin.org 16 July 2021 | Volume 15 | Article 685715

https://www.frontiersin.org/articles/10.3389/fnins.2021.685715/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2021.685715/full#supplementary-material
https://doi.org/10.1001/jama.2016.0249
https://doi.org/10.1001/jama.2016.0249
https://doi.org/10.7326/m16-2458
https://doi.org/10.1002/ejp.649
https://doi.org/10.6001/actamedica.v26i1.3956
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-685715 July 14, 2021 Time: 18:42 # 17

Fang et al. Electroacupuncture and Pain Transition

Offi. J. Am. Soc. Pain Manag. Nurses 13, 60–65. doi: 10.1016/j.pmn.2010.
03.001

Marquie, L., Raufaste, E., Lauque, D., Marine, C., Ecoiffier, M., and Sorum, P.
(2003). Pain rating by patients and physicians: evidence of systematic pain
miscalibration. Pain 102, 289–296.

Chen, W. N., Lee, C. H., Lin, S. H., Wong, C. W., Sun, W. H., Wood, J. N., et al.
(2014). Roles of ASIC3, TRPV1, and NaV1.8 in the transition from acute to
chronic pain in a mouse model of fibromyalgia. Molecular. Pain 10:40. doi:
10.1186/1744-8069-10-40

Kim, J. Y., Megat, S., Moy, J. K., Asiedu, M. N., Mejia, G. L., Vagner, J., et al. (2016).
Neuroligin 2 regulates spinal GABAergic plasticity in hyperalgesic priming, a
model of the transition from acute to chronic pain. Pain 157, 1314–1324.

Dai, S. P., Huang, Y. H., Chang, C. J., Huang, Y. F., Hsieh, W. S., Tabata, Y.,
et al. (2017). TDAG8 involved in initiating inflammatory hyperalgesia and
establishing hyperalgesic priming in mice. Sci. Rep. 7:41415.

Megat, S., Shiers, S., Moy, J. K., Barragan-Iglesias, P., Pradhan, G., Seal, R. P., et al.
(2018). A critical role for dopamine D5 receptors in pain chronicity in male
mice. J. Neurosci. Offi. J. Soc. Neurosci. 38, 379–397.

Kim, J. Y., Tillu, D. V., Quinn, T. L., Totsch, S. K., Sorge, R. E., Mejia, G. L., et al.
(2015). Spinal dopaminergic projections control the transition to pathological
pain plasticity via a D1/D5-mediated mechanism. J. Neurosci. 35, 6307–6317.
doi: 10.1523/jneurosci.3481-14.2015

Reichling, D. B., and Levine, J. D. (2009). Critical role of nociceptor plasticity in
chronic pain. Trends Neurosci. 32, 611–618.

Kandasamy, R., and Price, T. J. (2015). The pharmacology of nociceptor priming.
Handb. Exp. Pharmacol. 227, 15–37.

Ferrari, L. F., Bogen, O., and Levine, J. D. (2014). Second messengers mediating the
expression of neuroplasticity in a model of chronic pain in the rat. J. Pain Offi.
J. Am. Pain Soc. 15, 312–320.

Malek, N., Pajak, A., Kolosowska, N., Kucharczyk, M., and Starowicz, K. (2015).
The importance of TRPV1-sensitisation factors for the development of
neuropathic pain. Mol. Cell. Neurosci. 65, 1–10.

Parada, C. A., Yeh, J. J., Reichling, D. B., and Levine, J. D. (2003). Transient
attenuation of protein kinase Cepsilon can terminate a chronic hyperalgesic
state in the rat. Neuroscience 120, 219–226.

Chen, Y., and Tian, Q. (2011). The role of protein kinase C epsilon in neural
signal transduction and neurogenic diseases. Front. Med. 5:70–76. doi: 10.1007/
s11684-011-0119-9

Kostyak, J. C., Liverani, E., and Kunapuli, S. P. (2017). PKC-epsilon deficiency
alters progenitor cell populations in favor of megakaryopoiesis. PLoS One
12:e0182867. doi: 10.1371/journal.pone.0182867

Zheng, Y., Yu, Y., Xie, K., Yuan, Y., Chen, Y., Wang, C., et al. (2019).
Electroacupuncture alleviates morphineinduced hyperalgesia by regulating
spinal CB1 receptors and ERK1/2 activity. Mol. Med. Rep. 20, 1113–1120. doi:
10.3892/mmr.2019.10329

Xu, X., Liu, L., Zhao, L., Li, B., Jing, X., Qu, Z., et al. (2019). Effect of
electroacupuncture on hyperalgesia and vasoactive neurotransmitters in a rat
model of conscious recurrent migraine. Evidence Based Complem. Alternat.
Med. eCAM 2019:9512875. doi: 10.1155/2019/9512875

Xiang, X., Wang, S., Shao, F., Fang, J., Xu, Y., Wang, W., et al. (2019).
Electroacupuncture stimulation alleviates CFA-induced inflammatory pain
via suppressing P2X3 expression. Int. J. Mol. Sci. 20:3248. doi: 10.3390/
ijms20133248

Hou, T., Xiang, H., Yu, L., Su, W., Shu, Y., Li, H., et al. (2019). Electroacupuncture
inhibits visceral pain via adenosine receptors in mice with inflammatory
bowel disease. Purinergic Sign. 15, 193–204. doi: 10.1007/s11302-019-
09655-4

Liang, Y., Gu, Y., Shi, R., Li, G., Chen, Y., and Huang, L. M. (2019).
Electroacupuncture downregulates P2X3 receptor expression in dorsal root
ganglia of the spinal nerve-ligated rat. Mol. Pain 15:1744806919847810. doi:
10.1177/1744806919847810

Cheng, L. L., Ding, M. X., Wei, J., Wu, Y. Q., Qiu, Z. Y., Chen, J. G., et al. (2013).
Electroacupuncture-induced dynamic processes of gene expression levels of
endogenous opioid Peptide precursors and opioid receptors in the CNS of
goats. Evidence Based Complem. Alternat. Med. eCAM 2013:257682. doi: 10.
1155/2013/257682

Jiang, Q. Y., Wang, M. Y., Li, L., Mo, H. X., Song, J. L., Tang, Q. L., et al.
(2016). Electroacupuncture relieves labour pain and influences the spinal

dynorphin/kappa-opioid receptor system in rats. Acupunct. Med. J. Br. Med.
Acupunct. Soc. 34, 223–228. doi: 10.1136/acupmed-2015-010951

Chai, W., Tai, Y., Shao, X., Liang, Y., Zheng, G. Q., Wang, P., et al. (2018).
Electroacupuncture alleviates pain responses and inflammation in a rat model
of acute gout arthritis. Evidence Based Complem. Alternat. Med. eCAM
2018:2598975. doi: 10.1155/2018/2598975

Wang, S. S., Sun, H. J., Du, J. Y., Fang, J. Q., and Fang, J. F. (2018). [Effect of
electroacupuncture on pain transition and content of protein kinase cepsilon
in dorsal root ganglia in hyperalgesia rats]. Zhen Ci Yan Jiu Acupunct. Res. 43,
677–681. doi: 10.13702/j.1000-0607.180212

Wang, S., Du, J., Shao, F., Wang, W., Sun, H., Shao, X., et al. (2020).
Electroacupuncture regulates pain transition by inhibiting the mGluR5-PKCε

signaling pathway in the dorsal root ganglia. J. Pain Res. 13, 1471–1483. doi:
10.2147/jpr.S251948

Chaplan, S. R., Bach, F. W., Pogrel, J. W., Chung, J. M., and Yaksh, T. L. (1994).
Quantitative assessment of tactile allodynia in the rat paw. J. Neurosci. Methods
53, 55–63. doi: 10.1016/0165-0270(94)90144-9

Du, J., Fang, J., Xu, Z., Xiang, X., Wang, S., Sun, H., et al. (2020).
Electroacupuncture suppresses the pain and pain-related anxiety of chronic
inflammation in rats by increasing the expression of the NPS/NPSR system in
the ACC. Brain Res. 1733:146719. doi: 10.1016/j.brainres.2020.146719

Gaskin, D. J., and Richard, P. (2012). The economic costs of pain in the
United States. J. Pain Offi. J. Am. Pain Soc. 13, 715–724. doi: 10.1016/j.jpain.
2012.03.009

Breivik, H., Eisenberg, E., and O’Brien, T. (2013). The individual and societal
burden of chronic pain in Europe: the case for strategic prioritisation and action
to improve knowledge and availability of appropriate care. BMC Public Health
13:1229. doi: 10.1186/1471-2458-13-1229

Pozek, J. P., Beausang, D., Baratta, J. L., and Viscusi, E. R. (2016). The acute to
chronic pain transition: can chronic pain be prevented? Med. Clin. North Am.
100, 17–30. doi: 10.1016/j.mcna.2015.08.005

Heinricher, M. M. (2016). Pain modulation and the transition from acute to chronic
pain. Adv. Exp. Med. Biol. 904, 105–115. doi: 10.1007/978-94-017-7537-3_8

Chen, W. H., Chang, Y. T., Chen, Y. C., Cheng, S. J., and Chen, C. C.
(2018). Spinal protein kinase C/extracellular signal-regulated kinase signal
pathway mediates hyperalgesia priming. Pain 159, 907–918. doi: 10.1097/j.pain.
0000000000001162

Fang, J. Q., Du, J. Y., Fang, J. F., Xiao, T., Le, X. Q., Pan, N. F., et al. (2018).
Parameter-specific analgesic effects of electroacupuncture mediated by degree
of regulation TRPV1 and P2X3 in inflammatory pain in rats. Life Sci. 200,
69–80. doi: 10.1016/j.lfs.2018.03.028

Liang, Y., Du, J. Y., Fang, J. F., Fang, R. Y., Zhou, J., Shao, X. M., et al. (2018).
Alleviating mechanical allodynia and modulating cellular immunity contribute
to electroacupuncture’s dual effect on bone cancer pain. Integrat. Cancer Ther.
17, 401–410. doi: 10.1177/1534735417728335

Seo, S. Y., Lee, K. B., Shin, J. S., Lee, J., Kim, M. R., Ha, I. H., et al. (2017).
Effectiveness of acupuncture and electroacupuncture for chronic neck pain: a
systematic review and meta-analysis. Am. J. Chin. Medi. 45, 1573–1595. doi:
10.1142/s0192415x17500859

Warner, S. C., van Meurs, J. B., Schiphof, D., Bierma-Zeinstra, S. M., Hofman, A.,
Uitterlinden, A. G., et al. (2017). Genome-wide association scan of neuropathic
pain symptoms post total joint replacement highlights a variant in the protein-
kinase C gene. Eur. J. Hum. Gene. EJHG 25, 446–451. doi: 10.1038/ejhg.2016.
196

Alba-Delgado, C., Mountadem, S., Mermet-Joret, N., Monconduit, L., Dallel,
R., Artola, A., et al. (2018). 5-HT(2A) receptor-induced morphological
reorganization of PKCγ-expressing interneurons gates inflammatory
mechanical allodynia in rat. J. Neurosci. Offi. J. Soc. Neurosci. 38, 10489–10504.
doi: 10.1523/jneurosci.1294-18.2018

Araldi, D., Ferrari, L. F., and Levine, J. D. (2016). Adenosine-A1 receptor agonist
induced hyperalgesic priming type II. Pain 157, 698–709. doi: 10.1097/j.pain.
0000000000000421

Aley, K. O., Messing, R. O., Mochly-Rosen, D., and Levine, J. D. (2000). Chronic
hypersensitivity for inflammatory nociceptor sensitization mediated by the
epsilon isozyme of protein kinase C. J. Neurosci. Offi. J. Soc. Neurosci. 20,
4680–4685. doi: 10.1523/JNEUROSCI.20-12-04680.2000

Hassouna, A., Matata, B. M., and Galiñanes, M. (2004). PKC-epsilon is upstream
and PKC-alpha is downstream of mitoKATP channels in the signal transduction

Frontiers in Neuroscience | www.frontiersin.org 17 July 2021 | Volume 15 | Article 685715

https://doi.org/10.1016/j.pmn.2010.03.001
https://doi.org/10.1016/j.pmn.2010.03.001
https://doi.org/10.1186/1744-8069-10-40
https://doi.org/10.1186/1744-8069-10-40
https://doi.org/10.1523/jneurosci.3481-14.2015
https://doi.org/10.1007/s11684-011-0119-9
https://doi.org/10.1007/s11684-011-0119-9
https://doi.org/10.1371/journal.pone.0182867
https://doi.org/10.3892/mmr.2019.10329
https://doi.org/10.3892/mmr.2019.10329
https://doi.org/10.1155/2019/9512875
https://doi.org/10.3390/ijms20133248
https://doi.org/10.3390/ijms20133248
https://doi.org/10.1007/s11302-019-09655-4
https://doi.org/10.1007/s11302-019-09655-4
https://doi.org/10.1177/1744806919847810
https://doi.org/10.1177/1744806919847810
https://doi.org/10.1155/2013/257682
https://doi.org/10.1155/2013/257682
https://doi.org/10.1136/acupmed-2015-010951
https://doi.org/10.1155/2018/2598975
https://doi.org/10.13702/j.1000-0607.180212
https://doi.org/10.2147/jpr.S251948
https://doi.org/10.2147/jpr.S251948
https://doi.org/10.1016/0165-0270(94)90144-9
https://doi.org/10.1016/j.brainres.2020.146719
https://doi.org/10.1016/j.jpain.2012.03.009
https://doi.org/10.1016/j.jpain.2012.03.009
https://doi.org/10.1186/1471-2458-13-1229
https://doi.org/10.1016/j.mcna.2015.08.005
https://doi.org/10.1007/978-94-017-7537-3_8
https://doi.org/10.1097/j.pain.0000000000001162
https://doi.org/10.1097/j.pain.0000000000001162
https://doi.org/10.1016/j.lfs.2018.03.028
https://doi.org/10.1177/1534735417728335
https://doi.org/10.1142/s0192415x17500859
https://doi.org/10.1142/s0192415x17500859
https://doi.org/10.1038/ejhg.2016.196
https://doi.org/10.1038/ejhg.2016.196
https://doi.org/10.1523/jneurosci.1294-18.2018
https://doi.org/10.1097/j.pain.0000000000000421
https://doi.org/10.1097/j.pain.0000000000000421
https://doi.org/10.1523/JNEUROSCI.20-12-04680.2000
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-685715 July 14, 2021 Time: 18:42 # 18

Fang et al. Electroacupuncture and Pain Transition

pathway of ischemic preconditioning of human myocardium. Am. J. Phys. Cell
Physiol. 287, C1418–C1425. doi: 10.1152/ajpcell.00144.2004

Gu, Y., Li, G., and Huang, L. Y. M. (2018). Inflammation induces Epac-protein
kinase C alpha and epsilon signaling in TRPV1-mediated hyperalgesia. Pain
159, 2383–2393. doi: 10.1097/j.pain.0000000000001346

Wu, Z., Yang, Q., Crook, R. J., O’Neil, R. G., and Walters, E. T. (2013).
TRPV1 channels make major contributions to behavioral hypersensitivity and
spontaneous activity in nociceptors after spinal cord injury. Pain 154, 2130–
2141. doi: 10.1016/j.pain.2013.06.040

Karouzaki, S., Peta, C., Tsirimonaki, E., and Mangoura, D. P. K. C. (2019). ε-
dependent H-Ras activation encompasses the recruitment of the RasGEF SOS1
and of the RasGAP neurofibromin in the lipid rafts of embryonic neurons.
Neurochem. Int. 131:104582. doi: 10.1016/j.neuint.2019.104582

Li, Y. J., Zhang, K., Sun, T., Wang, J., Guo, Y. Y., Yang, L., et al. (2019). Epigenetic
suppression of liver X receptor beta in anterior cingulate cortex by HDAC5
drives CFA-induced chronic inflammatory pain. J. Neuroinflammation 16:132.
doi: 10.1186/s12974-019-1507-3

Shields, S. D., Eckert, W. A. III, and Basbaum, A. I. (2003). Spared nerve injury
model of neuropathic pain in the mouse: a behavioral and anatomic analysis.
J. Pain Offi. J. Am. Pain Soc. 4, 465–470.

Liao, H. Y., Hsieh, C. L., Huang, C. P., and Lin, Y. W. (2017). Electroacupuncture
attenuates CFA-induced inflammatory pain by suppressing Nav1.8 through
S100B, TRPV1, opioid, and adenosine pathways in mice. Sci. Rep. 7:42531.
doi: 10.1038/srep42531

Zisopoulou, S., Asimaki, O., Leondaritis, G., Vasilaki, A., Sakellaridis, N., Pitsikas,
N., et al. (2013). PKC-epsilon activation is required for recognition memory in
the rat. Behav. Brain Res. 253, 280–289. doi: 10.1016/j.bbr.2013.07.036

Ferrari, L. F., Bogen, O., and Levine, J. D. (2013). Role of nociceptor αCaMKII in
transition from acute to chronic pain (hyperalgesic priming) in male and female
rats. J. Neurosci. Offi. J. Soc. Neurosci. 33, 11002–11011. doi: 10.1523/jneurosci.
1785-13.2013

Ma, W., St-Jacques, B., Rudakou, U., and Kim, Y. N. (2017). Stimulating TRPV1
externalization and synthesis in dorsal root ganglion neurons contributes to
PGE2 potentiation of TRPV1 activity and nociceptor sensitization. Eur. J. Pain
21, 575–593. doi: 10.1002/ejp.959

Tumati, S., Roeske, W. R., Vanderah, T. W., and Varga, E. V. (2010). Sustained
morphine treatment augments prostaglandin E2-evoked calcitonin gene-
related peptide release from primary sensory neurons in a PKA-dependent
manner. Eur. J. Pharmacol. 648, 95–101. doi: 10.1016/j.ejphar.2010.08.042

Bao, Y., Gao, Y., Yang, L., Kong, X., Yu, J., Hou, W., et al. (2015). The mechanism
of mu-opioid receptor (MOR)-TRPV1 crosstalk in TRPV1 activation involves
morphine anti-nociception, tolerance and dependence. Channels 9, 235–243.
doi: 10.1080/19336950.2015.1069450

Gu, Y., Chen, S., Mo, Y., Tu, Y., Chen, N., Zhao, X., et al. (2020).
Electroacupuncture attenuates CFA-induced inflammatory pain by regulating
CaMKII. Neural. Plasticity 2020:8861994. doi: 10.1155/2020/8861994

Hu, Q., Zheng, X., Li, X., Liu, B., Yin, C., Li, Y., et al. (2020). Electroacupuncture
alleviates mechanical allodynia in a rat model of complex regional pain
syndrome type-I via suppressing spinal CXCL12/CXCR4 signaling. J. Pain Offi.
J. Am. Pain Soc. 21, 1060–1074. doi: 10.1016/j.jpain.2020.01.007

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Fang, Wang, Zhou, Shao, Sun, Liang, He, Jiang, Liu, Jin, Fang
and Du. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 18 July 2021 | Volume 15 | Article 685715

https://doi.org/10.1152/ajpcell.00144.2004
https://doi.org/10.1097/j.pain.0000000000001346
https://doi.org/10.1016/j.pain.2013.06.040
https://doi.org/10.1016/j.neuint.2019.104582
https://doi.org/10.1186/s12974-019-1507-3
https://doi.org/10.1038/srep42531
https://doi.org/10.1016/j.bbr.2013.07.036
https://doi.org/10.1523/jneurosci.1785-13.2013
https://doi.org/10.1523/jneurosci.1785-13.2013
https://doi.org/10.1002/ejp.959
https://doi.org/10.1016/j.ejphar.2010.08.042
https://doi.org/10.1080/19336950.2015.1069450
https://doi.org/10.1155/2020/8861994
https://doi.org/10.1016/j.jpain.2020.01.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Electroacupuncture Regulates Pain Transition Through Inhibiting PKCε
 and TRPV1 Expression in Dorsal Root Ganglion
	Introduction
	Materials and Methods
	Animals
	Drug Preparation
	Hyperalgesic Priming Models
	Drug Administration
	Nociceptive Testing
	EA Intervention
	Tissue Preparation
	Immunofluorescence Staining
	Western Blot Analysis
	Experimental Design and Groups
	Statistics

	Results
	Changes in the MWT and TWL in the Hyperalgesic Priming Model
	PKCε Is Involved in Changes in the MWT and TWL

	TRPV1 Is Involved in Changes in the MWT and TWL
	PKCε Promotes TRPV1 Expression in Lumbar DRGs

	EA Regulates Changes in the MWT and TWL in the Hyperalgesic Priming Model
	EA Regulates the High Expression of PKCε and TRPV1 in Lumbar DRGs in a Hyperalgesic Priming Model

	EA Partly Prevents the Transition of Pain and PKCε Expression


	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


