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Objective: The analgesic effect on chronic pain of peripheral nerve stimulation (PNS) has been 

proven, but its underlying mechanism remains unknown. Therefore, this study aimed to assess 

the analgesic effect of PNS on bone cancer pain in a rat model and to explore the underlying 

mechanism.

Materials and methods: PNS on sciatic nerves with bipolar electrode was performed in 

both naïve and bone cancer pain model rats. Then, the protein levels of activity-regulated 

cytoskeleton-associated protein (Arc), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid–type glutamate receptor 1 (GluA1), and phosphate N-methyl-d-aspartic acid-type glutamate 

receptor subunit 2B (pGluNR2B) in spinal cord were evaluated by immunohistochemistry and 

Western blotting. Thermal paw withdraw latency and mechanical paw withdraw threshold were 

used to estimate the analgesic effect of PNS on bone cancer pain. Intrathecal administration of 

Arc shRNA was used to inhibit Arc expression in the spinal cord. 

Results: PNS at 60 and 120 Hz for 20 min overtly induced Arc expression in the spinal cord, 

increased thermal pain thresholds in naïve rats, and relieved bone cancer pain; meanwhile, 10 Hz 

PNS did not achieve those results. In addition, PNS at 60 and 120 Hz also reduced the expression 

of GluA1, but not pGluNR2B, in the spinal cord. Finally, the anti-nociceptive effect and GluA1 

downregulation induced by PNS were inhibited by intrathecal administration of Arc shRNA.

Conclusion: PNS (60 Hz, 0.3 mA) can relieve bone-cancer-induced allodynia and hyperalge-

sia by upregulating Arc protein expression and then by decreasing GluA1 transcription in the 

spinal cord dorsal horn.

Keywords: peripheral nerve stimulation, Arc, GluA1, bone cancer pain

Introduction
Bone cancer pain induced by bone metastasis or original bone cancer severely decreases 

patients’ quality of life.1 About 50% of patients suffer this “severe” pain1,2 that is 

described as “dreadful” by the Visual Analogue Scale, a widely used pain assessment 

tool.3 In addition, bone cancer pain cannot be controlled by common treatment, such 

as surgery and drugs. Opioids are effective but they often cause some side effects.4 

Therefore, it is urgent to develop new methods for treating bone cancer pain.1,2

Many electrical nerve stimulation methods can relieve pain, such as TENS,5 PENS,6 

and PNS.7,8 Among them, PNS is effective in relieving neuropathic pain,8 diabetic 

pain,9 and chronic headache,10 but the best strategy for using PNS for intractable pain 

is under exploration. In fact, PNS at 40 Hz with a pulse width of 300–450 ms reduces 

60% severity of trigeminal neuropathic pain,11 at 50 Hz (250 µs of width, 0.15–0.3 V of 

amplitude) relieves chronic post-traumatic neuropathic pain by >75%;12 and at 50 Hz 
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(1 mA, 50 µs) treats post-amputation pain effectively.13 Taken 

together, PNS at 40–100 Hz and intensity lower than that 

used in TENS or PENS is an available strategy for relieving 

intractable pain. Understanding the underlying mechanism 

can help improve the treatment effectiveness for intractable 

pain. The gate control theory proposed by Melzack and Wall 

may explain how activating large myelinated nerve fibers by 

PNS decreases pain levels by inhibiting the transmission of 

pain signals (and “close the gate”) from the spinal cord to 

higher centers in the central nervous system.14 In addition, 

PNS could change the concentrations of several neurotrans-

mitters in the spinal cord, including GABA,15 serotonin, and 

dopamine.16

Like c-fos and Zif268, Arc, also known as arg3.1, 

belongs to a family containing many types of early-response 

genes.17 One characteristic of Arc is that it can be induced 

by peripheral electrical nerve stimulation. Indeed, high 

frequency (>100 Hz), but not low frequency (<10 Hz), cur-

rents are effective in inducing Arc transcription and transla-

tion.18 Another characteristic is that Arc mRNA can move 

to dendrites and reduce the density of AMPAR on dendrite 

membrane by internalizing AMPAR.17–19 It is also reported 

that Arc regulates global GluA1 levels in nucleus.20 What-

ever be the case, since AMPAR participates in the process 

of neuropathic and inflammatory and bone cancer pain,21,22 

it is hypothesized that Arc might negatively regulate chronic 

pain23 by internalizing AMPAR or by decreasing AMPAR 

expression.

This evidence inspires us to unveil the mechanism under-

lying the anti-nociceptive effects of PNS, TENS, PENS, 

and even SCS. We hypothesized that PNS could induce Arc 

expression in the spinal cord and then reduce the density of 

membrane AMPAR by promoting AMPAR internalization on 

dendrites and/or decrease global AMPAR expression, which 

together results in pain relief. This study aimed to assess the 

effect of PNS on bone cancer pain and explore the role of 

Arc in the process.

Materials and methods
animals and drugs
Female adult Sprague-Dawley rats (7–8 weeks; initial weight: 

160–180 g) were supplied by Xuzhou Medical College and 

housed in a controlled 12-hour dark/light cycle with free 

access to food and water. Menstrual cycle was not synchro-

nized as it will not alter the development of bone cancer 

pain.24 A total of 254 rats were used in this experiment; the 

experiment was approved by the Institutional Animal Care 

and Use Committee of Lianyungang Oriental Hospital and 

conducted in accordance with the Declaration of the National 

Institutes of Health Guide for Care and Use of Laboratory 

Animals. To knock down gene expression, 5 µL of Arc 

shRNA lentiviral particles (Santa Cruz Biotechnology Inc., 

Dallas, TX, USA) containing three target-specific constructs 

that encode 19–25 nt (plus hairpin) shRNAs was intrathecally 

administered 1 day before PNS. 

Bone cancer pain animal model
Walker 256 mammary gland carcinoma cells were supplied 

by Dr Song, Neuroscience Research Institute, Beijing Medi-

cal University. The use of gifted cells was approved by the 

institutional review board of the Key Lab of Anesthesiology 

of Xuzhou Medical University. Before surgery, tumor cells 

(1×105 cells/µL) were obtained from ascetic tumor-bearing 

female rats and kept on ice before injection. Rats were 

anesthetized by intraperitoneally injecting sodium pento-

barbital (50 mg/kg). After shaving and disinfecting with 

70% (v/v) ethanol, a skin incision parallel to the tibia was 

made to expose the tibial plateau. Tumor cells (1×105 cells/

µL, 5 µL) or boiled cells (sham group) were injected into the 

intramedullary space of the right tibia. The injection site was 

closed with bone wax immediately after syringe removal. The 

incision was then dusted with penicillin powder and closed. 

Radiographic observation
On the 14th day after TCI, radiographic images were acquired 

(exposure setting: 12 ms, 31 KVp) using Philips Digital 

Radiographer System (Digital Diagnost VM; Philips Medical 

Systems DMC GmbH, Hamburg, Germany). The destruction 

of bone was scored on a scale of 0–5: 0, normal bone struc-

ture without any sign of deterioration; 1, small radiolucent 

lesions in the proximal epiphysis (<3); 2, increased number 

of radiolucent lesions (>3) indicating loss of medullary bone; 

3, loss of medullary bone and erosion of the cortical bone; 4, 

full-thickness unicortical bone loss; 5, full-thickness bicorti-

cal bone loss and displaced fracture.24

histology
Histological examination of the affected bone was carried out 

on all 14 days after TCI. Rats were anesthetized and transcar-

dially perfused with 0.9% saline and 4% paraformaldehyde. 

Then, tibia specimens were removed and demineralized in 

15% ethylenediaminetetraacetic acid solution with a super-

sonic device (HD-350; Huida Devices Company, Hubei, 

China) until they could be penetrated easily by a needle. 

Sections of 10 µm were obtained with a cryomicrotome and 

stained with H-E.
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Pns 
A device (JL-C4-V2a; Jialong Educational Devices Com-

pany, Shanghai, China) with bipolar electrode was used 

for PNS. Combined anesthesia was used during electric 

stimulation. Sodium pentobarbital (25 mg/kg, intraperito-

nially) was firstly applied as basic anesthesia, and then used 

2% isoflurane to maintain anesthesia through a mask. The 

frequency of respiration is maintained one to two times per 

second as appropriate anesthesia depth. From the branching 

point of the sciatic nerve at the middle part of the femur, 1 

cm was exposed and stimulated with a bipolar electrode using 

square waves of 10, 60, and 120 Hz frequencies (0.5 ms and 

0.3 mA for 20 min). Current intensity (0.3 mA) was chosen 

according to previous studies11,12 and the preliminary experi-

ment. Current of 0.6 mA was also tested in the preliminary 

experiment, but it was so strong that it “burned” the tissues 

around nerves. Therefore, 0.3 mA current was adopted. Cur-

rent intensity was monitored with an ampere meter during 

the stimulation. When the stimulation was completed, the 

incision was sutured with 4-0 silk thread. The animals were 

sacrificed 2 hours after PNS, and samples were collected for 

Western blotting and immunohistochemistry.

Behavioral tests 
Thermal hyperalgesia was indicated by a significantly short-

ened latency of paw withdrawal in response to heat stimula-

tion. To determine thermal hyperalgesia, a radiant heat source 

(model 390, series 8; IITC Inc., Woodland Hills, CA, USA) 

was focused and delivered on the middle part of the plantar 

surface just behind the last toe, with the thermal stimuli shut 

off automatically when the hind paw moved (immediately or 

20 seconds later) to escape tissue damage. Thermal stimuli 

were delivered three times to each hind paw at an interval 

of 5–8 min. Two different intensities of radiant heat were 

adopted: 50% radiant heat intensity with a baseline of 6-to-

8-second thermal withdrawal latency was used to detect the 

effect of PNS on normal pain threshold and 45% radiant 

heat intensity with a 13-to-15-second baseline of thermal 

withdrawal latency was used to detect the effect of PNS on 

bone cancer pain.

Mechanical allodynia was reflected by a significant 

decrease in the threshold of paw withdrawal to mechani-

cal indentation on the plantar surface of each hind paw by 

a sharp, cylindrical probe. To increase the force gradu-

ally, the probe (38540 electronic von Frey; Ugo Basile, 

Varese, Italy) was applied to the middle part of the plantar 

surface just behind the last toe. A 30 second interval was 

set between tests. The minimal force inducing paw with-

drawal was read off the display. Average values from six 

tests were considered in the final analysis. The threshold 

of mechanical withdrawal of each animal was converted 

into milli-Newtons (mN) (mN=9.8 N/kg). The experiments 

were single blinded.

Western blotting
Western blotting was used to quantify the protein levels 

of Arc, GluA1, and N-methyl-d-aspartic acid receptor 2B 

subunit. L4-L5 DRG and/or spinal cord segments were 

quickly removed from deeply anesthetized rats and stored at 

−80°C. Tissue samples were lysed in ice-cold (4°C) NP-40 

lysis buffer containing a cocktail of protease inhibitors, 

phosphatase inhibitors, and phenylmethylsulfonyl fluoride 

(Sigma-Aldrich, St Louis, MO, USA). Protein concentra-

tions in the lysates were estimated by the bicinchoninic acid 

method (Beyotime, Nantong, China). Equal amounts of total 

protein from each sample were separated by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis and transferred 

onto 0.2 µm polyvinylidene difluoride membranes (Millipore, 

Bedford, MA, USA). The following primary antibodies were 

used: anti-Arc (1:2000; Abcam, Cambridge, UK), anti-

glutamate receptor 1 (1:1000; Millipore), anti-pGluNR2B 

(Tyr1472) (1:1000; Millipore), and anti-GAPDH (1:5000–

10,000; Sigma-Aldrich). The membranes were developed 

by enhanced chemiluminescence reagents (Thermo Fisher 

Scientific, Waltham, MA, USA) after incubation with horse-

radish peroxidase-conjugated secondary antibodies (Santa 

Cruz Biotechnology Inc.). Data were analyzed using built-in 

package of image software (NIH, Washington, DC, USA).

immunohistochemistry 
Deeply anesthetized rats were sequentially and transcardi-

ally perfused with 0.9% saline and 4% formaldehyde. L4-L5 

spinal cord segments were removed and post-fixed in 4% 

formaldehyde overnight. Sections (15 µm) were cut using a 

cryomicrotome (CM1950; Leica Instrument Gmbh, Nussloch, 

Germany). For immunochemistry, free-floating sections were 

blocked in PBS containing 5% donkey serum or 5% goat serum 

according to host species of the secondary antibody for 2 hours 

and incubated with primary antibodies at 4°C overnight. The 

sections were then washed with 0.01 M PBS (pH 7.4; 3×5 min) 

followed by incubation with secondary antibodies at room 

temperature for 2 hours. The sections were developed using 

the 3-3 -diaminobenzidine reagent (Beyotime) and mounted 

with 90% glycerin for microscopic observation. The dilutions 

of antibodies were as follows: anti-Arc (1:200; Abcam) and 

anti-Glutamate receptor 1 (1:100; Millipore).
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statistical analysis 
Data are presented as mean ± standard error of the mean 

or median ± median absolute deviation. Statistical analyses 

were carried out with Statistical Product and Service Solu-

tions, version 15.0 (SPSS Inc., Chicago, IL, USA). Data 

normality was assessed by the Shapiro–Wilk test and vari-

ance equality was evaluated by Levene’s test. When the data 

was normal and equally variance, parametric analysis of 

variance (ANOVA) was used; otherwise, Mann–Whitney U 

test was used. Two-way repeated-measures ANOVA (days × 
groups) was used to assess behavioral responses to thermal 

and mechanical stimuli, followed by Bonferroni post hoc 

tests. The non-parametric statistical method was used to ana-

lyze bone radiographs, quantity of protein, and histological 

observations. P<0.05 was considered statistically significant. 

Results
establishment of a bone cancer pain 
model
X-ray radiography taken on the 14th day after TCI showed 

that a part of the tibia became thin (Figure 1C), and bone 

destruction score was identified as level 3 (Figure 1D); 

H-E ( Figure 1E) staining further revealed that the inner 

surface of the bone was deteriorated by tumor cells and 

became rough, with multiple “tunnels” in the bone cortex. 

PWTL ( Figure 1A), which reflects hyperalgesia occurrence, 

decreased from day 3 after TCI to day 21; in addition, PWMT 

(Figure 1B), which assesses allodynia existence, had a similar 

trend to PWTL. 

effect of Pns at different frequencies 
on pain thresholds and arc, glua1, and 
pglunR2B expression in naïve animals 
For naïve animals, PNS at 60Hz and 120 Hz increased ther-

mal pain threshold by 2 and 3 days respectively (Figure 2A); 

meanwhile, PNS at the same frequency had no effect on 

mechanical pain threshold (Figure 2B). PNS at 10 Hz had 

no influence on the mechanical and thermal pain thresholds 

(Figure 2A and B). PNS at 60 and 120 Hz (0.3 mA, 20 min) 

overtly induced Arc protein expression in spinal dorsal horn, 

but PNS at 10 Hz could not (Figure 2C and D). Immuno-

histochemistry was performed to explore Arc localization; 

Figure 1 Walker 256 tumor cells invade bones and induce cancer pain. 
Notes: (A) Thermal withdrawal latency (a sign of hyperalgesia) test shows that Tci induces hyperalgesia in female rats. (B) Mechanical withdrawal threshold (a sign of 
allodynia) shows that Tci induces allodynia in rats (n of each group =8); the data are presented as mean ± seM and analyzed by two-way anOVa. compared with the 
sham rats, rats receiving Tci exhibit apparent bone invasion as detected by X-ray (C) and bone destruction score reaches 3 on the scale (D) (n of each group =4, data are 
expressed as median ± MaD and analyzed by Mann–Whitney U test; both MaD =0). (E) h-e stain (n of each group =3) shows that the inner surface of bone cavity has been 
deteriorated by tumor cells and multiple “tunnels” have formed in bone cortex. White arrow indicates thinning cortical bone that can be attributed to the invasion of tumor 
cells. Bars: (C)=5 mm; (E)=100 µm. *P<0.05, compared with sham.
Abbreviations: anOVa, analysis of variance; seM, standard error of the mean; MaD, median absolute deviation; h-e, hematoxylin and eosin; Tci, tumor cell implantation.
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bipolar electrode induced Arc expression in lamina I–II of 

spinal cord dorsal horn (Figure 3). Meanwhile, PNS at 60 and 

120 Hz also decreased GluA1 expression without affecting 

pGluNR2B levels (Figure 2C, E, and F).

effects of Pns at different frequencies on 
arc, glua1, and pglunR2B expression in 
an animal model of bone cancer
TCI induced the expression of Arc, GluA1, and pGluNR2B 

in the spinal cord on day 14. At this time, PNS at 60 and 120 

Hz for 20 min further induced Arc expression and decreased 

the concentration of GluA1 in rats with bone cancer pain 

(Figure 4). Immunohistochemistry showed that GluA1 

expression increased in the bone cancer pain animal model, 

and PNS negatively regulated increased GluA1 expression 

in the dorsal horn (Figure 5). 

effects of arc shRna on anti-nociceptive 
properties of Pns, and arc and glua1 
expression, in bone cancer pain animal 
model
In the bone cancer pain animal model, PNS at 60 and 120 

Hz administrated on day 7 after TCI increased both PWTL 

and PWMT (Figure 6A and B); this anti-nociceptive effect 

lasted for nearly 6 days. When Arc shRNA was intrathecally 

administrated 1 day before PNS, the anti-nociceptive effect of 

Figure 2 effect of different frequency Pns on pain thresholds as well as expression of arc, glua1, and pglunR2B in naïve rats. 
Notes: Pns at 60 hz and 120 hz increases thermal pain thresholds, while 10 hz Pns does not (A). PNS at all three frequencies did not influence mechanical thresholds 
(B) (n of each group =8; *P<0.05, compared with sham; data are presented as mean ± seM and analyzed with two-way anOVa). Meanwhile, 60 hz and 120 hz Pns induce 
arc protein expression (C, D) and decrease glua1 expression (C, E) in the spinal cord, which has no effect on pglunR2B (C, F), while 10 hz Pns has no or minor effect 
on arc expression or on the reduction of glua1 expression (n of each group =5; *P<0.05, compared with sham; data are presented as median ± MaD and analyzed with 
Mann–Whitney U test).
Abbreviations: anOVa, analysis of variance; glua1, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid–type glutamate receptor 1; pglunR2B, phosphate n-methyl-
D-aspartic acid-type glutamate receptor subunit 2B; Pns, peripheral nerve stimulation; seM, standard error of the mean; MaD, median absolute deviation; arc, activity-
regulated cytoskeleton-associated protein.
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Figure 3 localization of increasing arc expression in spinal cord is detected with immunohistochemistry. 
Notes: The results show that increasing Arc is located in superficial layers of spinal cord (A). (B) negative control of arc. Typical stains of arc protein expression induced 
by Pns at 10 hz (C), 60 hz (D), and 120 hz (E) and the statistical results (F). The arc expression in sham (data not shown) is similar to that of 10 hz Pns group. Bar =100 
µm. n of each group =4; *P<0.01, compared with 10 hz group. Data are presented as median ± MaD and analyzed with Mann–Whitney U test.
Abbreviations: Pns, peripheral nerve stimulation; MaD, median absolute deviation; arc, activity-regulated cytoskeleton-associated protein.
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60 Hz PNS on bone cancer pain was blunted (Figure 6A and 

B). Western blotting showed that Arc shRNA inhibited Arc 

expression, alleviating GluA1 induced by PNS (Figure 6C–E).

consistency testing between Tci group 
and Tci+0 hz group 
TCI with 0 Hz PNS (sham stimulation) was exactly controlled 

for revealing the effect of PNS on bone cancer pain, while its 

function was replaced by TCI group in the rest experiments. 

To demonstrate whether conclusions were influenced by this 

condition, additional experiments were performed to test the 

consistency between TCI group and TCI+0 Hz group. The 

results showed that thermal hyperalgesia and mechanical 

allodynia behavior were similar between TCI group and 

TCI+0 Hz group (Figure S1A and S1B); expressions of Arc 

protein, GluA1, and pGluNR2B in spinal cord between the 

TCI group and TCI+0 Hz group did not exhibit statistical 

differences (Figure S1C–S1F).

Discussion
An indication of PNS is chronic or severe pain that under-

mines the functionality of patients and leaves them dependent 

on frequent medications, physical therapy, and less-invasive 

interventions, such as local anesthetic and sympathetic 

blocks, and transcutaneous electrical nerve stimulation.25 In 

this experiment, PNS alleviated intractable bone cancer pain, 

a typical indication of PNS, by inducing Arc expression in 

the spinal cord, which proves that PNS is effective in treating 

bone cancer pain. 

Arc mediates PNS’ effect on pain relief in two ways. 

First, PNS inducing Arc expression and PNS exerting an 

anti-nociceptive effect had the same parameters. Indeed, 

PNS at 60 or 120 Hz (0.3 mA, 20 min) overtly induced Arc 

expression in spinal dorsal horn in naïve rats; PNS with the 

same parameters exhibited anti-nociceptive effect on both 

naïve and bone cancer pain states. However, low-frequency 

PNS (10 Hz, 0.3mA, 20 min) failed to induce Arc expres-

sion in spinal dorsal horn and relieve bone cancer pain, and 

increase pain thresholds in naïve rats. In agreement with 

these findings, PNS at 40–100 Hz and low density showed its 

strong ability to relieve multiple types of pain in the clinic;10–12 

meanwhile, 50 Hz PNS attenuated behavioral hypersensitivity 

to mechanical and thermal stimuli in nerve-injured rats.26 In 

this study, the effect of PNS at >120 Hz was not explored 

because at that frequency it may induce reversible movement 

dysfunction resulting from motor nerve damage. Secondly, 

intrathecal administration of Arc shRNA inhibited the anti-

nociceptive effect of PNS. Being able to silence Arc protein,27 

Arc shRNA was administered 1 day before PNS to decrease 

PNS-induced Arc expression. These findings revealed that 

Figure 5 Increasing expression of GluA1 in superficial layers of the spinal cord in TCI model is downregulated by 60 Hz PNS. 
Notes: GluA1 distributes in the entire spinal cord and is intensively expressed in neurons located in the superficial layers of dorsal horn (A). negative control stain (B). glua1 
expression in Tci (D) increases compared with control level (C), which is downregulated by 60 hz Pns (E). Results of statistic analysis was demonstrated (F). Bar =100 µm.  
n of each group =5; *P<0.05, compared with sham; #P<0.05, compared with Tci group. Data are presented as median ± MaD and analyzed with Mann–Whitney U test.
Abbreviations: glua1, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid–type glutamate receptor 1; Pns, peripheral nerve stimulation; MaD, median absolute 
deviation; Tci, tumor cell implantation.
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Arc protein mediates the anti-nociceptive effect of PNS on 

bone cancer pain. 

Arc expression induced by PNS relieves bone cancer pain 

by decreasing AMPAR transcription. It has been reported 

that Arc regulates AMPAR function through two mecha-

nisms. First, numerous experiments have demonstrated the 

association between Arc and AMPAR internalization;19,28,29 

Arc/Arg3.1 mRNA is transported to dendrites and translated 

at sites of high synaptic activity where its expression gets a 

temporal and spatial specificity. This protein then interacts 

with dynamin 2 and specific endophilin isoforms to localize 

endosomes and enhance AMPAR endocytosis in hippocampal 

neurons.17,28,29 Second, Arc decreases GluA1 transcription 

and synaptic strength.20 We observed that Arc increased and 

GluA1 phosphorylation decreased after PNS, simultaneously; 

meanwhile, Arc shRNA reversed the decrease of GluA1 

expression induced by PNS. These findings indicate that 

PNS relieves bone cancer pain by decreasing the expression 

of AMPAR receptors. Expression of pGluNR2B was also 

observed after PNS in naïve animals and those with bone 

cancer pain. The fact that PNS did not influence pGluNR2B 

expression suggested that PNS selectively decreases GluA1 

expression by inducing Arc protein expression in the spinal 

cord.

During PNS, it is necessary to demonstrate exactly which 

part of the nerve or what type of nerve fiber was stimulated. In 

our experiment, a bipolar electrode was placed on one side of 

the sciatic nerve, and not all nerve fibers were supposed to be 

stimulated directly. The results of immunochemistry showed 

that Arc expression increased by 60 and 120 Hz PNS was 

mainly distributed in lamina I and outer lamina II of the spinal 

cord, proving that peptidergic C fibers and nonpeptidergic C 

fibers were partly stimulated. But whether the other fibers, 

such as Ab myelinated fibers and Ad myelinated fibers, were 

stimulated simultaneously need to be further confirmed. Leg 

retraction was also observed, suggesting that the motor nerve 

Figure 6 arc shRna regulates the anti-nociceptive effect of 60 hz Pns and the expression of arc and glua1. 
Notes: Tests of thermal withdrawal latency (A) and mechanical withdrawal threshold (B) were performed to reflect hyperalgesia and allodynia separately in the bone cancer 
model. Pns (▲) was performed on the 8th day after tumor cell implantation and arc shRna (↑) was intrathecally injected 1 day before Pns. n of each group =8; *P<0.05, 
compared with sham; #P<0.05, compared with Tci+60 hz group. Data are presented as mean ± seM and analyzed with two-way anOVa. as a result, arc shRna prohibits 
the expression of arc induced by 60 hz Pns as well as the reduction of glua1 (C–E). n of each group =5; *P<0.05, compared with sham; #P<0.05, compared with Tci group; 
^P<0.05, compared with Tci+60 hz group. Data are presented as median ± MaD and analyzed with Mann–Whitney U test.
Abbreviations: anOVa, analysis of variance; glua1, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid–type glutamate receptor 1; Pns, peripheral nerve stimulation; 
MaD, median absolute deviation; Tci, tumor cell implantation; seM, standard error of the mean; arc, activity-regulated cytoskeleton-associated protein.
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fibers in sciatic nerves were stimulated by PNS. Besides, we 

also planned to identify the type of fibers stimulated by 60 Hz 

PNS with immunohistochemistry of activating transcription 

factor 3 in dorsal root ganglia (data not shown), which has 

been used to identify the affected fibers under 100 Hz PNS 

stimulation.30 However, we abandoned this method because 

false positive stain was observed on control DRG. At present, 

although we have no method to pinpoint the stimulated nerve 

fibers, we have proved according to our theory and clinical 

practice that the stimulation efficiency decides the analgesic 

effect. That is why flat and circumferential electrodes with 

higher stimulation efficiency have replaced bipolar electrodes 

in PNS.6,7 Our experiment provides the possibility of using 

PNS as an adjuvant treatment for bone cancer pain. However, 

multiple-site metastatic bone carcinoma with accompanying 

pain is more common and difficult to cure through PNS with a 

single electrode. With improved electrodes, such as electrode 

array, PNS might relieve multiple-site bone cancer pain. 

Another interesting phenomenon is that PNS at the same 

frequency has the same effectiveness in relieving pain in 

both humans and rats.7,25,31 Therefore, once the Arc protein 

is identified as the mediator in the pain-relieving process, it 

can be used as a marker for PNS’ effectiveness in treatment 

of chronic pain, help to develop the best PNS strategy for 

animals, and can be further applied to clinical treatment. 

Currently, the most effective and widely used nerve stimula-

tion method is SCS.32 The recently developed DRGS also shows 

satisfactory outcomes in the treatment of intractable pain.33 Both 

SCS and DRGS stimulate the sensory nerve system without 

affecting the motor nerve system, which makes them effective 

in controlling intractable chronic pain with fewer side effects. 

It is too early to say that our findings are also true for SCS and 

DRGS; however, previous studies have revealed that SCS shares 

some characteristics with PNS. Both techniques can inhibit 

the windup in the wide dynamic range neurons of the spinal 

cord34 and increase GABA concentrations.15 In addition, both 

use the same frequency in the treatment of pain.34 Therefore, 

there is a possibility that SCS and DRGS could relieve pain by 

inducing Arc expression and decreasing AMPAR expression, 

which will be explored in future research. With the develop-

ment of advanced techniques, including voltage-controlled 

capacitive discharge enabling wireless neuromodulation26 

and less-invasive ultrasound-guided implantation technique,35 

neuromodulation could be expanded in clinic.

If the results and theory in this article were applied in 

clinical practice, differences between bone cancer pain of 

patients and animals should be noticed. A significant point 

is that the pain (hyperalgesia and allodynia) of animals is 

induced, but the pain of patients is spontaneously felt and 

evaluated in clinic. Some researchers believe that this differ-

ence could be responsible for the translation failure of several 

medicines that are effective in animals, but not in patients.36 

So our findings should be confirmed by future experiments 

that focus on animal spontaneous pain assessed with a good 

evaluation system.

Conclusion
PNS at 60 and 120 Hz (0.3 mA) can relieve bone-cancer-

induced allodynia and hyperalgesia by increasing Arc expres-

sion and decreasing AMPAR transcription in the spinal cord 

in an animal model. 

Abbreviations
PBS, phosphate-buffered saline; PNS, peripheral nerve 

stimulation; Arc protein, activity-regulated cytoskel-

eton-associated protein; GluA1, α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid–type glutamate 

receptor 1; pGluNR2B, phosphate N-methyl-d-aspartic 

acid-type glutamate receptor subunit 2B; TENS, trans-

cutaneous electrical nerve stimulation; PENS, percuta-

neous peripheral electrical nerve stimulation; GABA, 

γ-aminobutyric acid; AMPAR, α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid-type glutamate receptor; 

SCS, spinal cord stimulation; TCI, tumor cell implantation; 

H-E, hematoxylin and eosin; ANOVA, analysis of variance; 

SEM, standard error of the mean; PWTL, paw withdrawal 

thermal latency; PWMT, paw withdrawal mechanical 

thresholds; DRG, dorsal root ganglion; DRGS, dorsal root 

ganglion stimulation. 
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Supplementary material

Figure S1 consistency testing between Tci group and Tci+0 hz group. 
Notes: (A) Thermal hyperalgesia; (B) mechanical allodynia (n of each group =8; data are presented as mean ± seM and analyzed with two-way anOVa); (C) typical Western 
blotting result of arc protein, glua1, and pglunR2B; statistical results of (D) arc protein, (E) glua1,and (F) pglunR2B. *P<0.05, compared with sham. n of each group =5; 
data are presented as median ± MaD and analyzed with Mann–Whitney U test. Pns (▲) was performed on day 0.
Abbreviations: anOVa, analysis of variance; glua1, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid–type glutamate receptor 1; pglunR2B, phosphate n-methyl-
D-aspartic acid-type glutamate receptor subunit 2B; MaD, median absolute deviation; Pns, peripheral nerve stimulation; Tci, tumor cell implantation; seM, standard error 
of the mean; arc, activity-regulated cytoskeleton-associated protein.
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