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Islet-cell autoantigen 69 mediates the
antihyperalgesic effects of electroacupuncture on
inflammatory pain by regulating spinal glutamate
receptor subunit 2 phosphorylation through protein
interacting with C-kinase 1 in mice
Kunyuan Hana, Anqi Zhanga, Yunchang Moa, Tingting Maob, Binbin Jia, Dan Lia, Xiuxiu Zhuanga, Meizi Qiana,
Shuangdong Chena, Zhen Wangc, Junlu Wanga,d,*

Abstract
Electroacupuncture (EA) is widely used in clinical settings to reduce inflammatory pain. Islet-cell autoantigen 69 (ICA69) has been
reported to regulate long-lasting hyperalgesia in mice. ICA69 knockout led to reduced protein interacting with C-kinase 1 (PICK1)
expression and increased glutamate receptor subunit 2 (GluR2) phosphorylation at Ser880 in spinal dorsal horn. In this study, we
evaluated the role of ICA69 in the antihyperalgesic effects of EA and the underlyingmechanism through regulation of GluR2 and PICK1
in spinal dorsal horn. Hyperalgesia was induced in mice with subcutaneous plantar injection of complete Freund adjuvant (CFA) to
cause inflammatory pain. Electroacupuncture was then applied for 30 minutes every other day after CFA injection. When compared
with CFA group, paw withdrawal frequency of CFA1EA group was significantly decreased. Remarkable increases in Ica1 mRNA
expression and ICA69 protein levels on the ipsilateral side were detected in the CFA1EA group. ICA69 expression reached the peak
value around day 3.More importantly, ICA69 deletion impaired the antihyperalgesic effects of EA onGluR2-p, but PICK1 deletion could
not. Injecting ICA69 peptide into the intrathecal space of ICA69-knockout mice mimicked the effects of EA analgesic and inhibited
GluR2-p. Electroacupuncture had no effects on the total protein of PICK1 and GluR2. And, EA could increase the formation of ICA69-
PICK1 complexes and decrease the amount of PICK1-GluR2 complexes. Our findings indicate that ICA69 mediates the
antihyperalgesic effects of EA on CFA-induced inflammatory pain by regulating spinal GluR2 through PICK1 in mice.
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1. Introduction

Inflammatory pain is a severe clinical symptom that is difficult to
treat and often leads to disabling of patients. Inflammation at the
injury site was caused by tissue injury; then, the inflammatory

mediators such as bradykinin, substance P, PGE2, ATP, IL-1,

and IL-1b, which act on nerve terminal nociceptors, were

released. They can alter the nociceptor excitability through

transcriptional and/or posttranslational mechanisms, giving rise

to hypersensitivity.25,31,36 Subcutaneous injection of inflamma-

tory agents, such as formalin, capsaicin, or complete Freund

adjuvant (CFA), is used to develop inflammatory pain models in

mice.19,28,42 Injecting CFA into the hind paw of mice promotes

Ser880 phosphorylation in glutamate receptor subunit 2 (GluR2)

and subsequent GluR2 internalization, which leads to the

increasing Ca21-permeable a-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid (AMPA) receptors on neuron mem-

brane.3 More permeability allowing for more influx of Ca21 results

in the inflammatory pain hypersensitivity.
Electroacupuncture (EA) is one of the typical treatments of

traditional Chinese medicine, and it is widely used in clinical

settings to relieve pain.4,5,26,44 The application of acupuncture

has been approved for 77 diseases by the World Health

Organization since 2002.13,41 AMPA, the excitatory receptor,

and its subtype (GluR2) are considered to be the key to many

forms of synaptic plasticity,15,34 and EA shows a direct effect on
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synaptic plasticity.10,17,34,44,49 In addition, several stud-
ies12,16,46,47 suggested AMPA receptor in spinal dorsal horn
(SDH) might involve EA analgesia. And, the blocking of AMPA
receptors can enhance the analgesic effect of acupuncture.11,20

However, the participation of GluR2 in EA analgesia has not been
well understood.21,22 They only found that the increasing GluR2-
p was blocked by EA treatment.

Islet-cell autoantigen 69 (ICA69), a protein encoded by the
human ICA1 or murine Ica1 gene, was initially found in patients
with type I diabetes.2 Further studies showed that ICA69 is
associated with autism spectrum disorder and many autoim-
mune diseases such as rheumatoid arthritis and primary Sjogren
syndrome, all of which are associated with deficient immune
tolerance of ICA69.27,30,40 ICA69 protein and its Caenorhabditis

elegans homolog ric-19 are abundantly expressed in the
neuroendocrine tissues, mainly in brain and pancreatic islets,
and have been reported to regulate neuroendocrine secre-
tion.6,16,29 ICA69 forms tight heteromeric complexes with protein
interacting with C-kinase 1 (PICK1) through the BAR domains,
and PICK1-ICA69 complexes control insulin granule traffick-
ing.7,8 Recent studies showed that ICA69 could influence AMPA
receptors, which mediate synaptic plasticity via interacting with
PICK1.38,43 Our previous investigation found that absence of
ICA69 enhanced the long-lasting hyperalgesia induced by
subcutaneous formalin injection into the mouse hind paw.
Furthermore, ICA69 knockout (KO) led to increased GluR2
phosphorylation at Ser880 in SDH.23

Given that EA could prevent the phosphorylation of GluR2, as
well as the absence of ICA69 could cause GluR2 phosphorylation
increasing in SDH, we hypothesized that ICA69 mediates the
antihyperalgesic effects of EA by regulating GluR2 through PICK1.

2. Methods

2.1. Animals

C57BL/6 male wild-type (WT) mice, ICA69 KO, and PICK1 KO
mice (10-12weeks old) were used in this study. The original pairs of
heterozygote C57BL/6 mice with a disrupted ICA69 gene
(ICA691/2) and PICK1 gene (PICK11/2) were obtained from
Ying Shen (Zhejiang University School of Medicine, Hangzhou,
China) and were mated to intercross. The mice were housed at 23
6 1˚C on a standard 12:12-hours light/dark cycle, with water and
food pellets available ad libitum. All experiments were approved by
the Animal Experimentation Ethics Committee of Wenzhou
Medical University and were specifically designed to minimize the
number of animals used. To reduce the variability, the animalswere
trained for 1 to 2 days before being subjected to the behavior tests.

2.2. Complete Freund adjuvant–induced inflammatory pain
and electroacupuncture simulation

The inflammatory pain test was performed on days21, 0, 1, 3, 5,
and 7 after CFA injection or EA according to previous work.3 In
brief, 25 mL of CFA (1 mg/mL; Sigma-Aldrich, St. Louis, MO) was
subcutaneously injected into the right hind paw at day 0 (CFA
group). Twenty-five microliters of phosphate-buffered saline (pH
7.4) were injected as control (Sham group).

Mice in CFA1EA group received EA stimulation under
anesthetization with 1% sevoflurane; Sham group and CFA
group were similarly anesthetized at the same time. For the EA
stimulation, 2 needles, 0.3 3 13 mm (Yunlong, China), were
inserted at a depth of 1.5 mm in the right hind leg at acupoints
corresponding to Zusanli (ST36) and Sanyinjiao (SP6), as

described previously.22 The needles were connected to HANS
LH202H Han’s acupoint nerve stimulator (Beijing Hua Wei
Industrial Development Co, Beijing, China). Electroacupuncture
stimulation (2-15 Hz alternating wave, 1.0 mA) was initiated after
CFA injection and lasted for 30 minutes. This process was
repeated every 2 days (Fig. 1). Sham eletroacupuncture (SEA)
was acupuncture needle insertion into acupoints without
electrical stimulation or manual needle manipulation.45

2.3. Behavioral testing

Behavioral testing was conducted as described previously.3

Briefly, paw withdrawal responses to thermal/mechanical stimuli
were separately measured with a Model 336 analgesia meter
(IITC Inc, Life Science Instruments,Woodland Hills, CA) and a von
Frey monofilament (0.16 g; North Coast Medical Inc, Gilroy, CA).
Paw withdrawal latency (PWL) (s) and paw withdrawal frequency
(PWF) ([number of pawwithdrawals/10 trials]3 100) were used to
evaluate pain intensity.

2.4. Quantitative polymerase chain reaction

Total RNA was extracted from SDH (L3-L5) tissues of mice with
TRIzol reagent (Invitrogen, Carlsbad, CA). Then, RNA was reverse
transcribed into cDNAs with cDNA Synthesis kit (TaKaRa, Dalian,
China). Quantitative polymerase chain reaction (qPCR) was per-
formed with Platinum Taq DNA Polymerase (Bioline, London, United
Kingdom). The primes of mouse Ica1 were as follows: forward 59-
ACCACTCTGCTCCACTTTT-39 and reverse 59-TTCTTCCCTTC
TTTCTCAACT-39. Mouse Gapdh was used as the internal
reference gene and was amplified with the following primers:
forward 59-AAGAAGGTGGTGAAGCAG-39 and reverse 59-
AGGTGGAAGAGTGGGAGT-39.

2.5. Plasma membrane fraction isolation

The plasma membrane fraction was extracted as described
previously.1,23 In brief, SDH (L3-L5) tissues of mice were
homogenized in cold isolation buffer. The homogenate was
centrifuged three times as required, and the final precipitation
was the the plasma membrane fraction.

2.6. Coimmunoprecipitation and Western blot

SDH (L3-L5) tissues of mice were lysed in radio immunoprecip-
itation assay (plus phenylmethanesulfonyl fluoride) and centrifuged.
The decimus supernatant was used as the input, and the
remainder was used for coimmunoprecipitation (co-IP). Mouse
anti-PICK1 antibody was precoupled to protein A-Sepharose
beads on the table concentrator at room temperature (20-25˚C) for
2 hours. Precleared solubilized preparations were incubated with
the antibody. Proteins on the beads were extracted with 40 mL of
1X sodium dodecyl sulfate buffer and boiled for 5 minutes at 70˚C.

The total protein from SDH was obtained with lysis buffer
(Beyotime, Shanghai, China). Equal amounts of protein were
separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride
membranes (Millipore, MA). After blocking the membranes with
5% bull serum albumin for 2 hours at room temperature, they
were incubated with the primary antibodies anti-GAPDH
(AP0063, Bioworld, Visalia, CA, USA), anti-ICA69 (a gift from
Ying Shen), anti-GluR2 (MAB397; Millipore, MA), anti-PICK1 (75-
040, NeuroMab, Davis, CA), anti-b-actin (AP0060; Bioworld,
Visalia, CA), anti-N-cadherin (Ab76011; Abcam, Cambridge,
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Figure 1. Effects of EA on CFA-induced hyperalgesia and the content of ICA69 expression. (A) Reduction in paw withdrawal frequency of the CFA1EA group
comparedwith the CFA group on the ipsilateral side (n5 13; *P, 0.05); this reduction was particularly obvious at day 1, day 3, and day 5 (n5 13; *P, 0.05, **P,
0.01). (B) No difference among the 3 groups on the contralateral side (n5 13; P. 0.05). (C) Increase in paw withdrawal latency of the CFA1EA group compared
with the CFA group on the ipsilateral side; this effect wasmost obvious at day 3 and day 5 (n5 13; *P, 0.05, **P, 0.01). (D) No difference among the 3 groups on
the contralateral side (n5 13; P. 0.05). (E and F) Effects of EA on the expression of Ica1mRNA in SDH at 6 hours and 3 days after CFA injection. There was an
increase of the Ica1mRNA level in theCFA1EAgroup comparedwith theCFA group on the ipsilateral side (n5 9, **P, 0.01), and an increase of the ipsilateral side
compared with the contralateral side in the CFA1EA group (n5 9, **P, 0.01). (G) The ICA69 protein content increased in the CFA1EA group compared with the
CFA group on the ipsilateral side (n5 9, **P, 0.01); there was an increase of the ipsilateral side compared with the contralateral side in the CFA1EA group (n5 9,
*P, 0.05). (H) Immunofluorescence results of ICA69 in SDH in the 4 indicated groups: the red staining represents the ICA69 protein, and the white arrow points to
the positive cells in the SDH area. Scale bars5 20 mm.Quantification of ICA69 permm2 in SDH (n5 3; group values are indicated bymean6 SEM; **P, 0.01, *P
, 0.05). CFA, complete Freund adjuvant; EA, electroacupuncture; SDH, spinal dorsal horn.
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United Kingdom), and anti-phospho-GluR2 (Ser880) (Ab52180;
Abcam) at 4˚C overnight. After washing the membranes, they
were probed with the corresponding secondary antibodies
before development using an ECL Western blotting detection
system (BioRad, Hercules, CA).

2.7. Peptides

The peptides ICA69-a1 (YGRKKRRQRRRDADLDAKLELFHSI)
and ICA69-a2 (YGRKKRRQRRRPYEFTTLKSLQDPM) and the
leader peptide (YGRKKRRQRRR) were gifts from Zhen Wang.
One and 10 mg/mL ICA69-a1/ICA69-a2 (1:1 mixed) peptides
were dissolved in sterile, double-distilled water (ddH2O).

2.8. Intrathecal injection

This method has been described in detail by Hylden et al.18 In
brief, the microsyringe was inserted into L4 or L5 spinous space
and advanced carefully until the tail was seen flicking. Then, inject
5 mL volume of drug over 30 seconds. In addition, note that mice
with motor impairment should be excluded.

2.9. Immunohistochemistry and immunofluorescence

The mouse spinal cord tissue was fixed with 4% paraformalde-
hyde for 24 hours, and cross-sections of the spinal cord tissue
were obtained after being embedded in paraffin. Anti-GluR2-p
was used to detect corresponding proteins in the sections. The
sections were stained with diaminobenzidine for 15 seconds.

Donkey serum (5%) was used to block the nonspecific binding
sites at room temperature for 1 hour. The sections were incubated
with primary antibodies against PICK1 and ICA69 overnight at 4˚C.
After washing with phosphate-buffered saline thrice, the sections
were incubated with the fluorescent secondary antibodies
(Jackson) DyLight 488 goat anti-mouse lgG (H 1 L) and DyLight
594 donkey anti-rabbit lgG (H1 L) for 1 hour at room temperature.
Finally, the nuclei were stained with 4’,6-diamidino-2-phenylindole
and imaged with Leica Sp5 II laser confocal microscope.

2.10. Statistical analysis

Data analysis and original image productions were performed
using Prism5 software. Statistical differences were determined
using one-way analysis of variance for Western blots and qPCR,
and 2-way repeated-measures analysis of variance was applied
for the data from the behavioral tests. Data in the text and figures
are shown asmean6SEM. Statistical significance was accepted
when P , 0.05. All statistical analyses were conducted with
SPSS 19.0 software.

3. Results

3.1. Electroacupuncture significantly relieved the complete
Freund adjuvant–induced hyperalgesia and increased ICA69
expression in SDH

We used the measurements of PWF and PWL to examine the
extent of hyperalgesia induced by CFA injection and the
antihyperalgesic effects of EA. The mice of CFA group developed
mechanical and thermal hyperalgesia, which lasted for 7 days on
the ipsilateral side (CFA vs Sham PWF P , 0.001, PWL P ,
0.001), but not on the contralateral side (CFA vs Sham PWF P5
0.572, PWL P 5 0.296). However, EA treatment at ST36 reliably
inhibited theCFA-induced increase in PWFat day 1 (P, 0.001), day

3 (P, 0.001), and day 5 (P, 0.001), and blocked the CFA-induced
reduction in PWL at day 1 (P5 0.022), day 3 (P5 0.001), and day 5
(P5 0.009). No differences were observed in the contralateral hind
paw among Sham, CFA, and CFA1EA groups (Figs. 1A–D). These
results indicated that EAcould relieve theCFA-induced inflammatory
pain, and the effect was most obvious at day 3.

To determine whether the effects of EA were associated with
ICA69, we performed qPCR, Western blot, immunofluores-
cence, and immunohistochemistry analyses. Samples for
qPCR were respectively collected at 6 hours and 3 days after
CFA injection. There were no significant changes in the Ica1

mRNA expression in response to CFA injection compared with
Sham group at either 6 hours (P5 0.993) or day 3 (P5 0.8067).
However, the Ica1 mRNA level was significantly increased on
the ipsilateral side of the CFA1EA group compared with the
CFA group at same time points after injection (6 hours, P 5
0.001; day 3, P , 0.001). This effect was not observed on the
contralateral side (Figs. 1E and F). Next, we examined the total
protein content of ICA69 in Sham, CFA, and CFA1EA groups
by Western blot analysis. No significant difference was
observed on the ipsilateral and contralateral sides of SDH
between the CFA group and the Sham group. However, EA
treatment significantly increased the ICA69 protein content on
the ipsilateral side compared with the CFA group (P 5 0.037)
(Fig. 1G). It seems that EA affects ICA69 expression on both
ipsilateral and contralateral sides, as WB results show that
ICA69 expression of the contralateral side increased with EA
treatment (P 5 0.042) (Fig. 1G). This is an interesting result of
the study that we will discuss later. We also used immunoflu-
orescence and immunohistochemistry to detect the distribution
of ICA69 in SDH. Consistent with the Western blot results, the
ICA69 level seemed to increase on the ipsilateral side of SDH in
the CFA1EA group compared with the CFA group, whereas
there was no difference in ICA69 expression on the contralateral
side between the 2 groups (Fig. 1H and Supplement Figure 4,
available at http://links.lww.com/PAIN/A698). These results
indicated that EA relieved the CFA-induced hyperalgesia
accompanied by an increase in ICA69 expression.

3.2. ICA69 expression reached the peak value around the day
3 but sham electroacupuncture had no effect

To further understand the timewindowof the effect of EAon ICA69,
wedetect the variation trend of ICA69 and relatedprotein content in
the CFA1EA group during 7 days. We found that ICA69 started to
rise at day 1 (P 5 0.002), and the expression reached the peak
value around day 3 (P , 0.001), and gradually decreased later,
indicating that EA could affect the content of ICA69. (Supplement
Figure 1B, available at http://links.lww.com/PAIN/A698). It is
known that ICA69 could influence AMPA receptors through
interacting with PICK138,43 and the increasing GluR2-p could be
blocked by EA treatment. So, we also detected the variation trend
of GluR2-p, GluR2, and PICK1. We found that GluR2-p started to
fall off at day 1 (P, 0.001), and the expression reached the bottom
value around day 3 (P , 0.001), and gradually increased later
(Supplement Figure 1C, available at http://links.lww.com/PAIN/
A698). And, there was no significant difference in total amount of
GluR2 and PICK1 (Supplement Figures 1D and E, available at
http://links.lww.com/PAIN/A698).

To ensure the ICA69 is specific in EA analgesia, we performed
sham EA manipulation. The results showed that ICA69 expres-
sion was not increased in the CFA 1 SEA group (P 5 0.386)
(Supplement Figure 3B, available at http://links.lww.com/PAIN/
A698), GluR2-p was not decreased (Supplement Figure 3C,
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available at http://links.lww.com/PAIN/A698), and there was no
statistical difference in PICK1 and GluR2 compared with the CFA
group (Supplement Figures 3D and E, available at http://
links.lww.com/PAIN/A698), indicating that sham EA had no
effect on ICA69 and GluR2-p EA was specific.

3.3. ICA69 deletion impaired the antihyperalgesic effects
of electroacupuncture

Based on our results that EA increased the content of ICA69, we
used a genomic strategy to directly reveal the role of ICA69 in the
analgesic effects of EA with ICA69-KO mice. ICA69-KO mice
show normal spontaneousmotor activity compared with their WT
littermates (ICA69-WT mice).23 We performed CFA injection with
or without EA treatment on ICA69-KO mice and their WT
littermates. There was no significant difference in PWF (P 5
0.195) and PWL (P 5 0.408) between the KO-Sham group and
WT-Sham group, indicating that ICA69 KO did not affect the
baseline of the plantar pain threshold. Injection of CFA induced
a significant decrease in ICA69-KO mice (KO-Sham vs KO-CFA
PWF P , 0.001, PWL P , 0.001), but no such difference was
detected betweenWT and KOmice (KO-CFA vsWT-CFA PWF P
5 0.560, PWL P 5 0.818), indicating that ICA69 KO did not
increase the intensity of CFA-induced hyperalgesia. However, the
hyperalgesia intensity of the KO-CFA1EA group was significantly

aggravated compared with the WT-CFA1EA group on the
ipsilateral side (PWF P 5 0.001, PWL P 5 0.006), whereas no
differences were seen between the KO-CFA and KO-CFA1EA
groups (Figs. 2A–D). These effects were not observed on the
contralateral side. This indicated that the analgesic effects
produced by EA treatment were weakened in ICA69-KO mice,
suggesting that ICA69 is necessary for EA analgesia.

3.4. ICA69 deletion impaired the effects of
electroacupuncture on the suppression of
endogenous GluR2

Our previous investigation showed that the loss of ICA69
increased GluR2 phosphorylation in SDH after subcutaneous
formalin injection into the mouse hind paws.23 To explore the
reason why the analgesic effects of EA were weakened in the
ICA69-KO mice, we examined the content of GluR2-p, which
plays a pivotal role in the spinal transmission of nociceptive
information in ICA69-WT and ICA69-KOmice. We confirmed that
the GluR2-p level significantly increased after CFA injection
compared with the Sham group in both ICA69-WT (WT-Sham vs
WT-CFA,P, 0.001) and ICA69-KOmice (KO-Sham vs KO-CFA,
P, 0.001). Furthermore, the GluR2-p level of the KO-CFA group
was significantly increased compared with WT-CFA group (P 5
0.005), which supported that ICA69 KO leads to an increase of

Figure 2. Effects of EA on CFA-induced hyperalgesia in ICA69-WT and ICA69-KO mice. (A) An increase in paw withdrawal frequency of the KO-CFA1EA group
comparedwith theWT-CFA1EA group on the ipsilateral side (n5 13; *P, 0.05); this effect was obvious at day 1, day 3, and day 5 (n5 13; *P, 0.05, **P, 0.01).
Therewas no difference between the KO-CFA1EA and the KO-CFA group (n5 13;P. 0.05), and there was no difference between KO-CFA andWT-CFA groups
(n5 13;P. 0.05). (B) There was no difference among the 6 groups on the contralateral side (n5 13;P. 0.05). (C) Reduction in pawwithdrawal latency of the KO-
CFA1EA group compared with theWT-CFA1EA group on the ipsilateral side (n5 13; *P, 0.05); this effect was particularly obvious at day 3 and day 5 (n5 13; *P
, 0.05, **P, 0.01). There was no difference between the KO-CFA1EA group and the KO-CFA group (n5 13; P. 0.05), and there was no difference between
KO-CFA andWT-CFA groups (n5 13; P. 0.05). (D) No difference among the 6 groups was detected on the contralateral side (n5 13; P. 0.05). CFA, complete
Freund adjuvant; EA, electroacupuncture; KO, knockout; WT, wild-type.
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GluR2-p.23 Electroacupuncture reduced the GluR2-p level to the
baseline level in WT mice after CFA (WT-CFA vs WT-CFA1EA, P
, 0.001), whichwas related to the analgesic effects confirmed by
relevant studies. Electroacupuncture significantly downregulated
GluR2-p expression in WT mice but not in ICA69-KO mice (KO-
CFA1EA vs WT-CFA1EA, P , 0.001) (Figs. 3A and B).

As the behavioral analysis showed that the absence of ICA69
weakened but not completely abolished the relatively reduced

intensity of the antihyperalgesic effects of EA, the WB results
suggested that ICA69 deficiency likely weakened the regulation of
GluR2-p by EA, but did not completely block the effect. Given that
there were 2 factors (ICA69 KO and EA treatment) that influenced
the level of GluR2-p, a further experiment of GluR2 membrane
protein isolation was performed. These results showed that the
GluR2 membrane protein content of the WT-CFA1EA group was
significantly higher than that in theKO-CFA1EAgroup (P5 0.013)

Figure 3. Effects of EA on the protein levels of GluR2-p, ICA69, PICK1, GluR2 (total), and GluR2 (membrane) in ICA69-WT and ICA69-KOmice. (A) Representative
Western blot bands of GluR2-p, GluR2 (total), ICA69, and PICK1. Quantitative analyses of GluR2-p (##KO-CFA1EA vs WT-CFA1EA, P, 0.001) (B), PICK1 (C),
and GluR2 (membrane) (E) (n 5 3, group values are indicated by mean 6 SEM; **P , 0.01; *P , 0.05). (D) Representative Western blot bands of GluR2
(membrane); (n 5 3, group values are indicated by mean 6 SEM; **P, 0.01; *P, 0.05). (F) Immunohistochemical results of GluR2-p in SDH in the 6 indicated
groups: the tawny staining represents the GluR2-p protein. Scale bar 5 20 mm. Quantification of GluR2-p per mm2 in SDH (n 5 3; ##KO-CFA1EA vs WT-
CFA1EA, P , 0.001; group values are indicated by mean 6 SEM; **P , 0.01; *P , 0.05). CFA, complete Freund adjuvant; EA, electroacupuncture; IOD,
integrated optical density; KO, knockout; SDH, spinal dorsal horn; WT, wild-type.
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Figure 4. Effects of EA on CFA-induced hyperalgesia and the protein levels of PICK1, ICA69, GluR2-p, and GluR2 in PICK1-WT and PICK1-KOmice. (A) Western
blot bands of PICK1 and quantitative analyses of PICK1 on both sides in PICK1-WT mice. (B) Reduction in paw withdrawal frequency of the KO-CFA group
compared with theWT-CFA group on the ipsilateral side (n5 13; *P, 0.05); the effect was particularly obvious at day 0, day 1, day 3, day 5, and day 7 (n5 13; *P
, 0.05, **P, 0.01). There was no difference between KO-CFA1EA and KO-CFA groups (n5 13; P. 0.05), and there was no difference between KO-CFA and
WT-CFA1EA groups (n5 13; P. 0.05). (C) No difference among the 6 groups on the contralateral side (n5 13; P. 0.05). (D) Increase in pawwithdrawal latency
of the KO-CFA group comparedwith theWT-CFA group on the ipsilateral side (n5 13; *P, 0.05); the effect was particularly obvious at day 0 and day 1 (n5 13; *P
, 0.05). There was no difference between KO-CFA1EA and KO-CFA groups (n5 13;P. 0.05), and there was no difference between KO-CFA andWT-CFA1EA
groups (n5 13; P. 0.05). (E) There was no difference among the 6 groups on the contralateral side (n5 13; P. 0.05). (F) Representative Western blot bands of
PICK1, ICA69, GluR2-p, and GluR2 in PICK1-WT and PICK1-KO mice, and quantitative analyses of these bands (n 5 3, group values are indicated by mean 6
SEM; **P , 0.01). CFA, complete Freund adjuvant; EA, electroacupuncture; KO, knockout; WT, wild-type.
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(Figs. 3D and E). This also suggested that the absence of ICA69
weakened, not completely abolished, the protective effect of EA
on GluR2 to the cell membrane. We also performed an
immunohistochemistry experiment, and the trend was consistent
withWestern blot results (Fig. 3F). In addition, EAdid not affect the
content of PICK1 in both ICA69-WTand ICA69-KOmice (Fig. 3C).
These results indicated that ICA69 KO impaired the suppression
effects of EA on endogenous GluR2, which can explain why the
analgesic effects of EA were weakened in ICA69-KO mice.

3.5. Injecting ICA69 peptide into the intrathecal space of
ICA69-knockout mice mimicked the effects of
electroacupuncture analgesic and inhibited GluR2-p

If EA exerts analgesic effects through increasing the content of
ICA69, it suggests that ICA69 peptide is likely to have analgesic
effects. Based on our synthesized ICA69 peptide, we detected
the analgesic effects of ICA69 peptide in ICA69-KO mice.
Injecting 5 mL of different concentrations of ICA69 peptide into
the intrathecal space of ICA69-KO mice, we evaluated the
analgesic effect of ICA69 peptide within 24 hours. There was
a significant reduction in PWF of the CFA1Peptide (10 mg/mL)
group compared with the CFA1LP group on the ipsilateral side at
6 and 12 hours (P 5 0.005, P 5 0.046) (Supplement Figure 2A,
available at http://links.lww.com/PAIN/A698). Then, we detected
the effects of ICA69 peptide on the protein levels of GluR2,
GluR2-p, ICA69, and PICK1 at 6 hours. It could recover ICA69
expression in SDH of ICA69-KO mice by injecting 5 mL of ICA69
peptide (10 mg/mL) into the intrathecal space (P , 0.001)
(Supplement Figure 2C, available at http://links.lww.com/PAIN/
A698). This is consistent with the results that EA increases the
expression of ICA69. Then, it increased PICK1 (P 5 0.001)
(Supplement Figure 2E, available at http://links.lww.com/PAIN/
A698) and inhibited GluR2-p (P5 0.030) (Supplement Figure 2D,
available at http://links.lww.com/PAIN/A698). This mimics the
analgesic effects of EA and inhibited GluR2-p. And, there was no
statistical difference in GluR2 (P5 0.448) (Supplement Figure 2F,
available at http://links.lww.com/PAIN/A698). Based on the
results, we concluded that ICA69-PICK1-GluR2 signaling path-
way may be involved in EA analgesia.

3.6. Electroacupuncture had no effect on the total amount of
PICK1 protein, and did not further relieve the complete
Freund adjuvant–induced hyperalgesia and GluR2-p in
PICK1-knockout mice

To explorewhether PICK1was involved in EA analgesic effect, we
examined the PICK1 protein content in PICK1-WT mice and
behavioral outcome of PICK1-KOmice with EA treatment. Similar
to the previous results of Figure 3C, we found no difference in
PICK1 total protein expression on both sides among the Sham
group, the CFA group, and the CFA1EA group (Fig. 4A). Next,
we performed CFA injection with or without EA treatment in
PICK1-KO mice and their WT littermates. PICK1-KO mice
showed normal spontaneous motor activity when compared
with that of their WT littermates (PICK1-WT mice). Electro-
acupuncture relieved the CFA-induced hyperalgesia in PICK-WT
mice. However, the PWF of the KO-CFA group was significantly
decreased compared with theWT-CFA group (P, 0.001). These
same test results confirm those of a previous relevant study.3

Interestingly, the PICK1 knockout reduced the PWF, which was
similar to the effects of EA observed in the WT-CFA1EA group (P
5 0.421). In addition, there was no significant difference in the
PWF detected between the KO-CFA group and the KO-CFA1EA

group (P 5 0.723). These data proved that EA could not further
relieve the CFA-induced hyperalgesia in PICK1-KO mice. The
experiment of PWL demonstrated the same result (PWL KO-CFA
vsWT-CFA P5 0.006;WT-CFA1EA vs KO-CFA P5 0.613; KO-
CFA vs KO-CFA1EA P 5 0.219) (Figs. 4B–E). Thus, we next
examined the content of GluR2-p in PICK1-KO mice to
investigate the reason that EA did not further relieve the
hyperalgesia in PICK1-KO mice. Again, we confirmed that EA
could inhibit the GluR2-p level, indicating that PICK1-KO leads to
a decrease in the phosphorylation of GluR2 (KO-CFA vsWT-CFA,
P 5 0.003). Similar to the behavioral results shown in Figures
4B–E, there was no difference in the amount of GluR2-p between
the KO-CFA group and the KO-CFA1EA group (P5 0.881) (Fig.
4F). This result suggested that PICK1 is likely to participate in the
EA analgesic effect and that ICA69 probably regulates the
phosphorylation-induced internalization of GluR2 through PICK1.

3.7. Electroacupuncture increased the formation of ICA69-
PICK1 complexes and decreased the formation of PICK1-
GluR2 complexes

To explore how ICA69 mediates the EA analgesic effect through
PICK1 and GluR2, we examined whether endogenous ICA69-
PICK1 and PICK1-GluR2 protein complexes were regulated by
EA. Using quantitative co-IP experiments, we observed a signif-
icant increase in the content of the ICA69-PICK1 complex in the
CFA1EA group compared with the CFA group (P 5 0.005).
However, there was no significant change in the levels of ICA69-
PICK1 complexes between the Sham group and the CFA group
(P5 0.891) (Figs. 5A and B). This result suggested that EA could
increase the rate of ICA69 binding to PICK1. To further investigate
whether ICA69 regulates the internalization of GluR2 through
PICK1, we also examined the content of PICK1-GluR2 com-
plexes. Complete Freund adjuvant treatment significantly in-
creased the content of PICK1-GluR2 (Sham vs CFA, P, 0.001),
but there was a significant decrease in GluR2 binding to PICK1 in
the CFA1EA group compared with the CFA group (P , 0.001)
(Figs. 5A and C). On EA treatment, the ICA69 level increases,
leading to an increase in the formation of ICA69-PICK1
complexes and a decrease of PICK1-GluR2 complexes.

Next, we performed immune double staining to detect the
distribution of the ICA69-PICK1 complex in SDH. Consistent with
the results of quantitative co-IP, more ICA69 colocalized with
PICK1 in the CFA1EA group of SDH (Fig. 5D).

4. Discussion

Increasing GluR2-p was blocked by EA treatment; however, the
involvement of GluR2 in EA analgesia still remains unknown.21,22

In the current study, we demonstrate that ICA69, together with
PICK1, regulates GluR2 phosphorylation, and thus mediates the
antihyperalgesic effects of EA on CFA-induced inflammatory
pain.

We are the first to demonstrate that EA increased the content
of ICA69 in the spinal dorsal horn. ICA69 expression peaked at 3
days after EA treatment, suggesting the relationship between
ICA69 expression and EA treatment. ICA69 deletion impaired the
antihyperalgesic effects of EA on GluR2-p. Injecting ICA69
peptide into the intrathecal space of ICA69-KO mice mimicked
the effects of EA analgesic and inhibited GluR2-p, indicating
increased ICA69 expression and decreased GluR2-p expression
are sufficient to EA treatment. Although EA had no effect on the
total amount of PICK1 protein, EA did not further relieve the CFA-
induced hyperalgesia and GluR2-p in PICK1-KO mice. This
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suggests that PICK1 is necessary for EA analgesia. Next, we
found that EA could increase the formation of ICA69-PICK1
complexes and decrease the amount of PICK1-GluR2 com-
plexes, suggesting that EA affected the interaction between
ICA69 and PICK1, as well as GluR2 and PICK1.

It is known that ICA69-PICK1 regulated the concentration of
calcium ions through GluR2 in the nervous system, we
speculated the potential mechanisms as follows (Fig. 6). On
CFA injection, PICK1 is stimulated to transport around the cell
membrane, leading to activation of protein kinase C-alpha to

ultimately phosphorylate GluR2. Phosphorylation of GluR2
causes the internalization of GluR2 into the cytoplasm so that
AMPA receptors lack the GluR2 subunit, making it permeable to
Ca21. The consequent increase in intracellular Ca21 in SDH
might initiate or potentiate a variety of Ca21-dependent in-
tracellular signaling cascades that are associated with the
maintenance of inflammatory pain.37 On EA treatment, ICA69
increased, leading to an increase in the formation of ICA69-PICK1
complexes so that more PICK1 might be retained in the
cytoplasm, which no longer induced GluR2 phosphorylation

Figure 5. Effects of EA on the formation of endogenous ICA69-PICK1 and PICK1-GluR2 complexes. (A) Endogenous protein was collected from SDH.
Representative Western blot bands of ICA69, GluR2, and PICK1 inWTmice by co-IP. (B and C) Quantitative analyses of ICA69 and GluR2 to evaluate the ability of
binding to PICK1. Increased ICA69 and reducedGluR2 interactionswere observedwith PICK1 in the CFA1EAgroup (n5 3, group values are indicated bymean6
SEM; **P, 0.01). (D) Electroacupuncture caused an increase in colocalization between endogenous ICA69 (red) and PICK1 (green) on the ipsilateral side in SDH.
CFA, complete Freund adjuvant; EA, electroacupuncture; SDH, spinal dorsal horn; WT, wild-type.
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(Fig. 6). Ultimately, a series of the above-mentioned processes
would not occur under EA treatment. Then, the inflammatory pain
could be unsustainable. Therefore, our results suggest that
ICA69 mediates the analgesic effects of EA and indicate that the
trafficking of the ICA69-PICK1-GluR2 complex may be a new
underlying mechanism.

However, how EA regulates ICA69 remains unclear. Electro-
acupuncture was reported to reduce the phosphorylation content
of CamKII.39 Decreased CamKII phosphorylation affects the
binding capacity of CamKII and PICK1.45 Given the interaction
between PICK1 and ICA69, the possibility of EA affecting ICA69
exists. The specific mechanism will be a direction of our further
research. Notably, the analgesic effects of EAwereweakened but
not completely obliterated in the absence of ICA69, due to the
inhibition of GluR2 phosphorylation. Given that EA could influence
multiple signaling pathways, including b-endorphins,14 5-
hydroxytryptamine receptors, cannabinoid CB2 receptors,33

and adenosine A1 receptor,13 the ICA69-mediated GluR2
phosphorylation through interaction with PICK1 is likely only
one of the key factors involved in EA’s maintenance of analgesic
effects. Moreover, PICK1 interacts with several other proteins in
addition to GluR2, including acid-sensing ion channel,9 GluA1,24

CamKII,39 and dopamine receptor,48 which might also be
involved in the maintenance of the analgesic effects by EA.35

Next, wewill use naloxone to block opioid receptors, or DPCPX to
block A1 receptors, so as to exclude the effect of other factors on
EA analgesia, and then confirm the role of ICA69.

We found increase of ICA69 on the contralateral side of the
CFA1EA group but there was no statistical difference (Supple-
ment Figure 4, available at http://links.lww.com/PAIN/A698).
Electroacupuncture applied at the right ST36 acupoint increased
the ICA69 protein and mRNA expression levels of the ipsilateral
spinal cord in mice, and the same tendency of an increase was
observed in the contralateral spinal cord. The WB results (Fig. 1)
showed that ICA69 expression in the contralateral side was
higher in the CFA1EA group compared with the CFA group.

These results were consistent with previous investigation on the
effect of acupuncture or EA to the contralateral side. Song et al.32

found that EA at contralateral Zusanli (ST-36) dramatically
decreased intraplantar formalin-induced increase of pERK1/2-
positive neurons in the ipsilateral superficial dorsal horn of the rat.
However, other scientists have shown that acupuncture did not
affect the contralateral side. Goldman et al.13 found that neither 2-
chloro-N(6)-cyclopentyladenosine nor acupuncture could
change the pain response of the contralateral side. So, the effect
of EA on the contralateral side is still controversial. The qPCR
results showed that ICA69 mRNA level did not increase in the
contralateral side, whichmay be due to decreased degradation in
the contralateral side with EA. Based on previous experience, EA
tends to exert overt therapeutic effects in certain pathological
conditions, such as in a CFA inflammatory pain model, that are
distinct from those in a normal physiological state. Therefore,
further investigation is required to explore these effects and
mechanisms under different conditions.

Li et al.23 show that ICA69 deficiency promoted the in-
ternalization of GluR2 and FML-induced long-lasting pain
hypersensitivity. More expression of GluR2-p means more
internalization of GluR2 from plasma membrane and more pain.
Indeed, there was significant difference in the expression of
GluR2-p between the KO-CFA group and the WT-CFA group,
which is consistent to the previous study. We found that
gavage of ICA69 peptides could recover ICA69 expression in
the spinal dorsal horn of ICA69-KO mice. Then, it increased
PICK1 and inhibited GluR2-p. ICA69 peptide (10 mg/mL)
generated the analgesic effect on inflammation pain induced
by CFA, which mimics the effects of EA analgesic. In addition,
we found that the expression of PICK1 protein increased with
the recovery of ICA69, which confirmed the interaction
between PICK1 and ICA69. It indicated ICA69 as a new target
for enhancing the EA analgesic efficacy, and the development
and application of related drugs could be promoted
furthermore.

Figure 6. Proposed mechanism of the antihyperalgesic effects of EA stimulation. Before EA, there is a relatively low amount of ICA69 protein in SDH, and it does
not abundantly combine with PICK1 protein in the cytoplasm; the medial PICK1 protein is therefore free to transport to the cell membrane, resulting in GluR2
phosphorylation. Once GluR2 is phosphorylated into GluR2-p, endogenous GluR2 will move from the cell membrane into the cytoplasm. AMPA receptors lacking
GluR2 become permeable to Ca21, resulting in cellular inflammation that leads to hyperalgesia. By contrast, EA treatment increases the amount of ICA69 proteins,
forming abundant complexes with PICK1, thereby stranding PICK1 in the cytoplasm. This prevents GluR2 phosphorylation, and therefore AMPA receptors can
maintain the impermeability of the cell membrane to Ca21, ultimately producing an anti-inflammatory pain effect. EA, electroacupuncture.
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The neuroprotective and anti-inflammation effects of EA have
been verified. Because it is now established that ICA69 affects the
transport of GluR2 through PICK1, this interaction could be
involved in the regulation of synaptic plasticity in the central
nervous system, further highlighting the theory that ICA69
mediates the neuroprotective effects of EA. Further explorations
of the functions and roles of ICA69may reveal new insight into the
mechanisms underlying synaptic plasticity–associating diseases.

In conclusion, our results indicate that ICA69 mediates the
antihyperalgesic effects of EA on CFA-induced inflammatory pain
by regulating GluR2 phosphorylation through PICK1. Our study
may provide a new target to enhance the EA analgesic efficacy.
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