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Purpose: Osteoarthritis (OA) is the most common cause to lead to chronic pain. Transcranial direct current stimulation (tDCS) has
been widely used to treat nerve disorders and chronic pain. The benefits of tDCS for chronic pain are apparent, but its analgesic
mechanism is still unclear. This study observed the analgesic effects of tDCS on OA-induced chronic pain and the changes of NMDA
receptor levels in PAG after tDCS treatment in rats to explore the analgesic mechanism of tDCS.
Methods: After establishing chronic pain by injecting monosodium iodoacetate (MIA) into the rat ankle joint, the rats received tDCS
for 14 consecutive days (20 min/day). Before tDCS treatment, Ifenprodil (the selective antagonist of NMDAR2B) was given to rats in
different ways: intracerebroventricular (i.c.v.) injection or intraperitoneal (i.p.) injection. The Von Frey and hot plate tests were applied
to assess the pain-related behaviors at different time points. The expression level of NMDAR2B was evaluated in midbrain
periaqueductal gray (PAG) by Western blot. In addition, NMDAR2B and c-Fos were observed by the Immunohistochemistry staining
after tDCS treatment.
Results: The mechanical allodynia and thermal hyperalgesia were produced after MIA injection. However, tDCS treatment reverted
the mechanical allodynia and thermal hyperalgesia. Moreover, tDCS treatment significantly increased the expression of NMDAR2B
and the proportion of positive stained cells of NMDAR2B. Besides that, the tDCS treatment also decreased the proportion of positive
stained cells of c-Fos in PAG. However, these changes did not occur in the rats given the Ifenprodil (i.c.v.).
Conclusion: These results indicate that tDCS may increase the expression of NMDA receptors in PAG and strengthen the NMDA
receptors-mediated antinociception to alleviate OA-induced chronic pain in rats.
Keywords: transcranial direct current stimulation, osteoarthritis, chronic pain, NMDA receptors

Introduction
Osteoarthritis (OA) is a common degenerative joint disease,1 and pain is a major clinical problem of OA.2 Patients may
experience chronic pain3 and a decreased quality of life with the development of OA. Traditionally, a combination of
pharmacological and nonpharmacological therapies was used to manage the OA pain.4 On the one hand, these treatments
can reduce the pain intensity; on the other hand, they can also lead to lots of adverse effects, and the treatment benefits
may reduce over time.5 As the OA pain is often insufficiently treated, many patients suffer joint replacement operation in
order to alleviate pain,6 but 20% of patients still have pain after joint replacement therapy.7

It is challenging to cure OA pain because the mechanism of chronic pain is complex, involving not only hypersensi-
tivity to pain in the peripheral nervous system (PNS) and the central nervous system (CNS), but also a change in pain
modulatory pathways.8 Pain modulation pathways may play a vital role in chronic pain.9 Persistent and severe pain may
decrease the activity of descending inhibitory systems, which results in the persistence of chronic pain.10 The periaque-
ductal gray (PAG)-rostral ventromedial medulla (RVM)-spinal dorsal horn (DH) pathway was known as the key in pain
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modulatory pathways.11 The PAG receives the nociceptive information from the spinal cord DH, and it projects
antinociceptive transmission to the RVM and lower brainstem, then the RVM projects the information to the spinal
cord DH.12–14 There are abundant neurotransmitters and receptors in PAG; previous study has shown the effect of
excitatory amino acid (EAA) on antinociceptive processing at some PAG sites, the antinociceptive activity of glutamate
was dose-dependent and this effect is apparently mediated by N-methyl-D-aspartate (NMDA) receptors.15 The NMDA
receptors induced activation of the descending inhibitory systems and counteracted the establishment of dorsal horn
neural sensitization to produce the antinociception.16,17 In four NMDA receptors, the NR2B-containing NMDA receptor
played an essential role in pain regulation,18 and it was considered one of the best potential target of pain.19–21In addition,
the expression of c-Fos is also considered to be one of the most useful parameters for the investigation of the neuronal
response to a painful experience.22,23

Transcranial direct current stimulation (tDCS) is a non-invasive neuromodulatory technique that modulates neuronal
excitability by applying direct current over the scalp using two electrodes.24,25 These changes depend on the polarity of
the electrode, anodal stimulation enhances excitability, while cathodal stimulation decreased excitability.26 A previous
study found that tDCS has two effects: the short-term effects are mediated by ionic channel modulation, the long-term
effects are mediated by NMDA receptors.27 On the one hand, tDCS-induced shifts in the membrane potential can cause
lasting excitability changes promoted by the NMDA receptors, and the inward current induced by a particular concen-
tration of glutamate increases with depolarization of the membrane potential.28 On the other hand, tDCS leads to an
NMDA receptor-mediated augmentation of synaptic strength and induces long-lasting effects by synaptic modification of
pain circuits.29,30 Transcranial direct current stimulation has been studied in patients with various disorders and multiple
pain syndromes.31,32 In previous clinical studies of OA pain, it has been proved that M1-SO applied tDCS with
a constant direct current of 2 mA intensity for 20 min once a day for five consecutive days was efficacious in reducing
the OA pain.33,34 However, the analgesic mechanism of tDCS is still unclear.

This study aims to investigate whether tDCS can relieve chronic pain caused by OA and explore its mechanism in
rats. Once the analgesic mechanism of tDCS in rats is explored clearly, it will be very helpful to generalize it to humans
with OA pain.

Materials and Methods
Animals
Experiments were implemented on Sprague–Dawley rats (n = 49, weight 180 ± 20 g), which were purchased from the
Experimental Animal Center of Qingdao University. These rats were maintained in a controlled environment (22 ± 2°C
room temperature and dark/light cycle 12 h/12 h) with water and chow ad libitum. There are 5 rats in each cage. The
protocol for this experimental study was approved by the Animal Care and Use Committee of Qingdao University and
carried out according to the International Association for the Study of Pain.35

Experimental Design
Rats were habituated to the maintenance room for 1 week prior to the experiment. After the habituation period, the rats
were divided into seven groups at random: Sham group, MIA group, MIA+tDCS group, MIA+StDCS group, MIA
+Ifenprodil (i.c.v.)+tDCS, MIA+PBS (i.c.v.)+tDCS, as well as MIA+Ifenprodil (i.p.)+tDCS. Rats were numbered from 1
to 49, and the randomization list (n=7/group) was established using a computer software (SPSS 26.0). Except for the
Sham group, the other six groups received injections of MIA. Before tDCS treatment, two groups of rats were injected (i.
c.v.) with Ifenprodil and PBS respectively, and one group was injected with Ifenprodil (i.p.). Then the tDCS and StDCS
sessions were applied for 14 days (20 min/day) after 21 days of MIA injection (Figure 1A).

Animal Model
All rats were light anesthetized with 5% isoflurane in O2 before inducing OA chronic pain model, and then rats were
injected with 60 μL 80mg/mL monosodium iodoacetate (MIA, Sigma, USA) into the left ankle joint cavity.36 Similarly,
saline was injected into the left ankle joint cavity in the Sham group.
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Stereotaxic Surgery Microinjection Procedures
The rats were anesthetized with the combination of intraperitoneal 90 mg/kg ketamine and 10 mg/kg xylazine. Each rat was
placed in the stereotaxic apparatus while maintaining the incisor bar at 3.3 mm below horizontal to achieve a flat skull
position. A 26-gauge guide cannula was targeted at the right midbrain periaqueductal gray (coordinates: midline=±0.7mm;
anterior posterior=−7.8 mm; dorsoventral =−5.6 mm from Bregma) according to the Paxinos and Watson rat brain atlas.37

Figure 1 (A) Experimental design. (B and C) Effects of tDCS on mechanical allodynia (presented by PWT) and thermal hyperalgesia (presented by PWL) in MIA-induced
chronic pain rats were shown in the figure. Compared with the Sham group, there were significant decreases on PWTand PWL from 1 to 35 days after MIA injection. After
tDCS treatment, PWTand PWL dramatically increased compared with the MIA group, but no difference was observed between the MIA and MIA+StDCS groups. Data were
presented as the mean ± SEM, (n=6/group). ****P<0.0001 represented comparison of MIA with Sham group; #P<0.05, ###P<0.001, ####P<0.0001 represented comparison of
MIA+tDCS with MIA group. (D and E) Effects of Ifenprodil on tDCS in improving mechanical allodynia (presented by PWT) and thermal hyperalgesia (presented by PWL).
The PWTand PWL in MIA+PBS (i.c.v.)+tDCS as well as MIA+Ifenprodil (i.p.)+tDCS groups increased significantly, but these changes did not appear in MIA+Ifenprodil (i.c.v.)
+tDCS group. There was significant difference in PWT and PWL between the MIA+PBS (i.c.v.)+tDCS and the MIA+Ifenprodil (i.c.v.)+tDCS groups. Data were presented as
the mean ± SEM, (n=6/group). &&P<0.01, &&&&P<0.0001 represented comparison of MIA+PBS (i.c.v.)+tDCS with MIA+Ifenprodil (i.c.v.)+tDCS group.
Abbreviations: MIA, Monosodium Iodoacetate; PBS, Phosphate Buffered Saline; i.c.v., intracerebroventricular; i.p., intraperitoneal; tDCS, transcranial direct current
stimulation; IHC-P, Immunohistochemistry-Paraffin sections.
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The guide cannula was fixed in position with steel screws and dental cement. Then, a dummy cannula was inserted and fixed
with a dust cap. At the end of the surgery, subjects were injected (i.p.) with an antibiotic association to prevent possible
infections. Rats were allowed 2 d to recover from surgery. Drug infusions were done by a 33-gauge stainless steel needle
(1 mm longer than the guide cannula) attached to a Hamilton micro-syringe via polyethylene tubing. 1 μg of the Ifenprodil
(Sigma-Aldrich) was dissolved in 0.1 M phosphate-buffered saline (PBS; pH 7.4) at a total volume of 0.3 μL. Ifenprodil or
PBS injection was infused for 8 min, and after the infusion, the syringe was kept at the injection site for 10 more minutes for
the absorption of the chemical. The microinjection was performed twice a week until the rats were sacrificed.

Intraperitoneal Injection of Ifenprodil
The Ifenprodil was diluted in PBS (pH 7.4) to prepare for injection. The seven rats in MIA+Ifenprodil (i.p.)+tDCS group
were light anesthetized with 5% isoflurane in O2. I.p. injection (3mg/kg) was performed twice a week using a 28-gauge
needle until the rats were sacrificed.

TDCS Protocol
After 21 days of MIA administration, the rats in six groups received a constant direct current of 0.5 mA for fourteen
consecutive days (20 minutes/day). After the rats were briefly anesthetized by 5% isoflurane in O2, and then using
bandages to bind their limbs to keep the rats immobile. In order to fit the rats’ heads, we reduced the size of the
electrodes to 1.5 cm2. In addition, the rats’ heads were shaved for better adherence before application.38,39 Our
stimulation parameters provided a current density of 0.33mA/cm2 with no lesions for the brain. The cathode electrode
was positioned on the midpoint between the lateral angles of both eyes (supraorbital area), and the anode electrode was
placed at the head using landmarks of the neck and shoulder lines as a guide (the anterior and posterior regions in the
midline between the two hemispheres of the parietal cortex). After the electrodes had been placed, they were fixed onto
the head with adhesive tape. Sham-stimulated rats underwent similar procedures, but the stimulator was turned off
throughout the experiments.40

Behavioral Testing
Mechanical Allodynia
The Von Frey hair (North Coast, USA) based on the up-down method was used to assess mechanical allodynia.41

Behavioral test was performed in a blinded manner, and the observer was not clear about the grouping in advance. Before
testing, the rats were placed in the cages with a metal mesh floor and acclimatized to the environment for 10 minutes to
prevent the analgesia induced by the novelty of the apparatus. Paw withdrawal threshold (PWT) was evaluated in all SD
rats at different time points. PWT was assessed in ascending order of force (0.16 g–26.0 g) to the mid-plantar surface
vertical to the paw, while the tests invariably began with 2g, and each hair was applied 5 times at 7s intervals. For the
mechanical stimulation, the paw’s rapid withdrawal or licking was considered to be a positive reaction. If positive
responses did not occur more than twice during 5 applications of a particular hair, the next ascending hair would be
applied in a similar manner. If we observed positive responses from a particular hair 3 out of the five consecutive
applications, the value of a particular hair in that gram was considered to be the withdrawal threshold. According to the
up-down method, the 50% response threshold was interpolated using the formula: 50% g threshold = (10 [Xf+K&])/10,000.
Ultimately, the measurements were averaged in each group.

Thermal Hyperalgesia
All rats were exposed to a hot plate (HP) for 5 min to adapt to the hot plate 24 h before testing.42 On the test day, the
surface of the plate was kept at a constant temperature (55 ± 0.1°C). The rats were placed in glass funnels on the heated
surface, and the time in seconds for foot-licking or jumping was recorded as the paw withdrawal latency (PWL).43

Western Blot Analysis
At 24 h after the last treatment, all groups (n=3/group) were killed by decapitation, and the periaqueductal gray tissues
were quickly removed and stored at −80°C until use. After adding protease and phosphatase inhibitors, these tissues were
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homogenized in ice-cold lysis buffer and measured protein concentrations with a BCA Protein Assay Kit (Solarbio,
China). Proteins (32 µg) were separated on a 10% sodium dodecyl sulfate polyacrylamide gel (Sigma, USA) and
transferred to polyvinylidene fluoride (PVDF) membranes (Sigma, USA). The membranes were incubated with 5% non-
fat dry milk in TBST for 2 hours. Then the membranes were incubated with antibodies to NMDAR2B (diluted 1:5000,
Abcam) or GAPDH (diluted 1:5000, Abways) overnight at 4°C. Next, the membranes were incubated with HRP-labeled
goat anti-rabbit IgG secondary antibody (diluted 1:5000, Bioss) for 2 hours after washing with TBST. After a final wash
in TBST, bands were visualized using an enhanced chemiluminescence ECL reagent (Millipore, USA). Images were
analyzed by Image J software.

Immunohistochemistry Analysis
The rats in seven groups (n=4/group) were deeply anesthetized and then sequentially perfused with saline and 4%
paraformaldehyde (pH 7.4). Subsequently, brains were quickly removed and placed in the perfusion fixative (4°C) for 24
h. Paraffin-embedded sections of PAG were cut at a 5 μm thickness and treated with 0.3% Triton X-100 and 3% H2O2 in
PBS for 1 h, and processed for 2 h in 5% normal goat serum, then stained with anti-NR2B and anti-c-Fos overnight at
room temperature. On the second day, they were reacted with secondary antibodies (diluted 1:1000, Abcam) for 1 h after
washing with PBS. Next, adding the DAB color developing solution until the brown-yellow color appeared, and these
sections were redyed with hematoxylin after flushing with running water for 30 minutes, then dehydrated through a series
of ethanol solutions, cleared in xylene. Finally, images were obtained on a confocal Olympus Fluoview IX73 microscope.

Statistical Analysis
All data were expressed as mean ± S.E.M. in this present study and analyzed by GraphPad Prism 8.0 software (GraphPad
Software, CA, USA). The pain thresholds were evaluated by two-way repeated measures analysis of variance
(RMANOVA). One-way ANOVA was used for analyzing the differences between the groups for the Western blot and
immunohistochemistry staining. In all cases, p-values <0.05 was considered statistically significant.

Results
Effects of MIA and tDCS on Mechanical Allodynia and Thermal Hyperalgesia
No significant differences were observed in PWT and PWL among all groups before MIA injection. Compared with the
Sham group, the MIA-induced OA rats showed prolonged allodynia and significantly decreased in PWT (Figure 1B) and
PWL (Figure 1C) over the whole process of the measure. Twenty-one days after MIA injection, the chronic pain rats
received tDCS or StDCS treatment. The results of analysis showed that there was a partial increase in PWT to
mechanical stimulation on 14 days after tDCS treatment compared with the MIA group. Similarly, compared with the
MIA group, the PWL was obviously reversed by tDCS treatment. In contrast, there was no significant difference in PWT
and PWL between the MIA+StDCS and the MIA groups (Figure 1B and C).

Effects of Ifenprodil on tDCS in Improving Mechanical Allodynia and Thermal
Hyperalgesia
The analysis of behavioral testing showed that there was significant difference in PWT and PWL between the MIA+PBS
(i.c.v.)+tDCS and the MIA+Ifenprodil (i.c.v.)+tDCS groups (Figure 1D and E). The PWT and PWL in MIA+PBS (i.c.v.)
+tDCS as well as MIA+Ifenprodil (i.p.)+tDCS groups increased significantly, but these changes did not appear in MIA
+Ifenprodil (i.c.v.)+tDCS group. These results implied the tDCS treatment did not improve the pain-related behaviors in
rats injected (i.c.v.) with Ifenprodil.

TDCS Treatment Increased Expression for NMDAR2B in the PAG
Twenty-one days after the MIA injection, the Western blot results indicated that there was an intense increase in
NMDAR2B level on days 7, 14, and 21 after MIA injection (Figure 2A). In addition, tDCS treatment significantly
increased the expression of NMDAR2B in the PAG compared with that in MIA-exposed rats (Figure 2B). Moreover,
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there was no significant difference between the MIA+StDCS and the MIA groups. Figure 2C shows that the tDCS
treatment did not increase the expression of NMDAR2B in rats injected with Ifenprodil (i.c.v.). But the expression of
NMDAR2B in rats injected with PBS (i.c.v.) and Ifenprodil (i.p.) still increased markedly after the tDCS treatment.
Immunohistochemistry also indicated that the proportion of positive stained cells increased in the tDCS treatment group.
Compared with the MIA group, tDCS treatment significantly increased the expression of NMDAR2B, while there was no
significant difference among MIA and MIA+StDCS groups. Similarly, the proportion of positive stained cells increased
in rats injected with PBS (i.c.v.) and Ifenprodil (i.p.), but this change did not occur in MIA+Ifenprodil (i.c.v.)+tDCS
group (Figure 3).

TDCS Treatment Decreased Expression for c-Fos in the PAG
The results of c-Fos staining declared that compared with MIA group, the tDCS treatment reduced the expression of
c-Fos in PAG, but there was no decline in c-Fos expression in the rats injected with Ifenprodil (i.c.v.) after tDCS
treatment. Moreover, compared with the MIA+Ifenprodil (i.c.v.)+tDCS group, the expression of c-Fos decreased
significantly in MIA+PBS (i.c.v.)+tDCS as well as MIA+Ifenprodil (i.p.)+tDCS groups. And the difference between
the MIA and MIA+StDCS groups was not statistically significant (Figure 4).

Discussion
In the study, we aimed to investigate whether tDCS can relieve OA-induced chronic pain and explore its analgesic
mechanism. Our results showed that tDCS reverted mechanical allodynia and thermal hyperalgesia, it also increased the
NMDAR2B levels and decreased the expression of c-Fos in PAG at the same time. We concluded that tDCS can
modulate the expression of NMDA receptors in PAG and strengthen the NMDA receptors-mediated antinociception to
alleviate chronic pain. In order to confirm our inference, the Ifenprodil (the selective antagonist of NMDAR2B) was
injected (i.c.v.) into the PAG before the tDCS treatment, the results showed that tDCS treatment did not improve the pain-
related behaviors and reverse the NMDAR2B and c-Fos levels. These results hinted that NMDA receptors may be
involved in the treatment of chronic pain by tDCS. As we know, the long-term effects of tDCS are mediated by NMDA

Figure 2 (A) Effect of MIA on NMDAR2B protein in the PAG by Western blot analysis. Data were presented as the mean ± SEM (n= 3/group). ***P<0.001, represented
comparison of 7 days, 14 days and 21 days after MIA injection with 1 day before MIA injection. (B) The expression of NMDAR2B protein in the PAG was measured at 14
days after tDCS treatment. Data were presented as the mean ± SEM (n=3/group). ***P<0.001, MIA group vs Sham group; ###P<0.001, MIA+tDCS group vs MIA group. (C)
The expression of NMDAR2B protein in the PAG was measured at 14 days after tDCS treatment. Data were presented as the mean ± SEM (n=3/group). ***P<0.001, MIA
group vs Sham group; ###P<0.001, MIA+tDCS group vs MIA group; &&P<0.01, MIA+PBS (i.c.v.)+tDCS vs MIA+Ifenprodil (i.c.v.)+tDCS group.
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Figure 3 Immunohistochemical staining for NMDAR2B in all groups. Scale bars: 200 µm. The proportion of positive stained cells were presented as the mean ± SEM (n=4/
group). ****P<0.001, MIA group vs Sham group; ###P<0.001, MIA+tDCS group vs MIA group; &&P<0.01, MIA+PBS (i.c.v.)+tDCS vs MIA+Ifenprodil (i.c.v.)+tDCS group.

Figure 4 Immunohistochemical staining for c-Fos in all groups. Scale bars: 200 µm. The proportion of positive stained cells were presented as the mean ± SEM (n=4/group).
****P<0.001, MIA group vs Sham group; ##P<0.01, MIA+tDCS group vs MIA group; &&P<0.01, MIA+PBS (i.c.v.)+tDCS vs MIA+Ifenprodil (i.c.v.)+tDCS group.
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receptors, and no studies explored the changes of NMDA receptor levels in PAG after tDCS treatment so far. Therefore,
our research may be an important reference for clarifying the analgesic mechanism of tDCS.

Osteoarthritis (OA) pain is the most frequent cause to lead to chronic pain, and many animal models have been used
to study OA chronic pain. A previous study found that a low dose of MIA (50mg/mL) failed to induce ongoing pain.44

Nevertheless, a high dose of MIA (80mg/mL) can not only cause persistent ongoing pain but also may exist
a neuropathic pain component in animals,36 this study proved that a high dose of MIA injection into the joint cavity
could induce chronic pain. In our study, the high dose of MIA was used to establish a chronic pain model; we found the
PWT and PWL decreased significantly after MIA injection, and the change of pain behavior lasted for the whole
experiment.

In our study, the rats received a 20-min session of tDCS treatment for fourteen consecutive days after 21 days of MIA
administration, and we observed that the PWT of the MIA+tDCS, MIA+PBS (i.c.v.)+tDCS as well as MIA+Ifenprodil (i.p.)
+tDCS groups gradually increased. Compared with other groups, there was significant difference on the 14th day after the
tDCS treatment. Interestingly, the PWL of the above three groups was also significantly different from others on the 7th day
after the treatment. The differences of the analgesic response induced by tDCS may be involved in different fibers stimulated
by those tests. Thermal nociception is mediated by C- and Aδ-fibers and mechanical response is mediated by Aβ fibers.45 Our
results showed that tDCS relieved OA-induced chronic pain, but there may be differences in treatment time for relieving pain
caused by different stimuli.

Previous research found that electrical stimulation of the primary motor cortex (M1) can modulate pain,46 the effects
of tDCS on pain relief depended on the projection of fibers from the motor cortex to other structures involved in pain
processing, such as the thalamus and brainstem nuclei that downregulate processing from sensitized neurons,47,48 and
other researchers found the bimodal tDCS reverted thermal hyperalgesia and partially increased the mechanical threshold
in rats subjected to CCI.40 Traditionally, tDCS was considered to work on the forebrain, such as the primary motor cortex
and dorsolateral prefrontal cortex.49 However, recent studies found that M1 stimulation can also activate the contiguous
regions, including the anterior cingulate cortex, periaqueductal gray (PAG) and amygdala.50,51 These researches further
confirmed that tDCS could be effective in the direct contact area of the electrode and play a role in the distance.
Consistent with previous studies, we also chose M1 as the stimulation site of tDCS.

The midbrain periaqueductal gray (PAG) plays a crucial role in pain modulatory pathways.52 It is part of a duplex
system of pain control in that it has both nociceptive and antinociceptive effects.53 On the one hand, PAG can project the
nociceptive input from the spinal cord and medulla oblongata to the thalamus or cerebral cortex to induce nociception; on
the other hand, the PAG receives antinociceptive input from the higher center, and it projects this input to the RVM as
well as lower brainstem.54 The PAG has limited direct projections to the spinal cord, but it uses the RVM as an essential
intermediary, then the RVM projects directly to the spinal cord DH.11,12 In addition, the PAG is interrelated with all
levels of the central nervous system, including diencephalic and forebrain structures related to pain transmission.55 These
studies further confirmed that PAG is a key site of pain regulation.

In addition to the anatomical structure, we should also consider neurotransmitters and receptors in pain modulatory
pathways. There are a great quantity of excitatory amino acids (EAA) and NMDA receptors in PAG.56 Previous study
found the excitatory amino acids (EAA) are important mediators involved in the adjustment of innate defensive
responses produced by PAG.57 A point has been proposed by Jensen et al: the antinociceptive activity of glutamate
was dose-dependent and the NMDA receptors apparently mediate this effect. In their research, different doses of
excitatory amino acid (EAA) agonists were injected into the PAG of rats, and they found that the antinociceptive
effect was gradually enhanced with the increase of the dose. At the same time, in order to determine whether EAA
antagonists can reverse the antinociceptive effect of EAA agonists, they pretreated rats with different doses of EAA
antagonists and then injected EAA agonists into PAG. Interestingly, with the increase of the dose of the antagonist, the
antinociceptive effect gradually weakened, and there was a significant decline in tail flick (TF) and hot plate (HP)
response latencies.15 In addition, Berrino et al suggested that NMDA receptors in PAG may have antinociceptive
effects, intra-PAG infusions of NMDA receptors agonists provoked high magnitude antinociception, and this effect
was antagonized by the antagonist of NMDA receptors.58 Palazzo et al found that physiological NMDA receptor
stimulation may be required for cannabinoid-mediated antinociception in the PAG.59 In this study, we found the
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expression of NMDAR2B receptor significantly increased after MIA injection, but we did not observe the improve-
ment of pain-related behaviors in rats. We speculated that the increase of NMDAR2B levels in PAG is likely to be
a defense response of the body for pain, the amount of the increase did not reach the level that can improve pain-
related behaviors in rats. As found by Ramos Coutinho, M, the release of EAA and the activity of NMDA receptors in
the PAG can contribute to modulate the duration of the defense response.57 Interestingly, we also discovered that
NMDAR2B levels increase even more and the PWT and PWL significantly increased after tDCS treatment. We
concluded that tDCS treatment may increase more production of EAA and NMDA receptors, and then strengthen
antinociceptive effect and the duration of the defense response to revert mechanical allodynia and thermal hyper-
algesia. The addition of NMDAR2B antagonists further confirmed our deduction; the injection of Ifenprodil (i.c.v.)
made NMDA receptor unable to play the role of analgesia normally after the tDCS treatment. However, the peripheral
injection of Ifenprodil (i.p.) did not influence the effect of tDCS, which may be due to the existence of blood-brain
barrier (BBB).

C-Fos has been considered as a molecule related to neuronal activation, an increased level of c-Fos expression in
supraspinal sites such as the PAG induced by the pretreatment with the CCI operation was demonstrated in the previous
study.60,61 In our study, we found the tDCS treatment decreased the expression of c-Fos, we inferred that the increased
activity of NMDA mediated descending inhibitory system may lead to the decreased activity of pain-related neurons,
but this still needs further research. It has been proved that the long-lasting effects of tDCS involve the participation of
glutamatergic N-methyl-D-aspartic acid (NMDA) receptors, and this role of the glutamatergic system was also
demonstrated using D-cycloserine, a partial NMDA agonist, which selectively potentiated the duration of motor
cortical excitability induced by anodal tDCS.62 Other researchers have found that the changes in NMDA receptors
after tDCS might decrease the function of brain areas involved in pain management through long-term potentiation
(LTP) synaptic efficacy, thus inducing cortical reorganization and CNS network processing.63,64 Compared with
previous studies, our research further confirmed the tDCS can activate PAG and produce the antinociceptive effect
by regulating NMDA receptors in PAG. Based on the current research results, we can only infer the analgesic
mechanism of tDCS in rats and these results may not be applicable to human, further research on human needs to
be done in clinical studies.

Conclusion
Our results demonstrated that tDCS can alleviate OA-induced chronic pain in rats by increasing the expression of NMDA
receptors in PAG and strengthening the NMDA receptors-mediated antinociception to play an analgesic role. There are
limitations inherent to the current study design and that several questions remain open. More research will be done in the
future to explore the mechanism of tDCS.
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